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Polymer-based materials have attracted more and more interests in recent years for 
fundamental studies and for practical applications, for they combine material benefits of 
both the polymer matrix and the inorganic filler. In electronic packages, polymer 
composites are commonly used for the applications of molding compounds, underfills, and 
encapsulants using their mechanical, thermomechanical, and optical properties. This thesis 
is mainly focused on the understanding and applications of nanocomposite materials in 
electronic packaging.  
First, high refractive index, silicone-based LED encapsulants were fabricated by 
incorporating TiO2 nanoparticles. The surfaces of nanoparticles were modified with silane 
surfactants during and after nanoparticle syntheses, and the method of surface modification 
significantly affected the particle dispersion and size control, both of which were shown to 
be correlated to the optical performance of nanocomposite encapsulants. Encapsulant with 
refractive index > 1.7 and relative transmittance > 90% was demonstrated, and the 
nanocomposite also showed resistance to thermal cycling degradation under high humidity 
conditions. 
Expanding from the study of filler dispersion, the interface between filler and 
polymeric matrix was further investigated in silica-epoxy nanocomposites for underfill 
application. A two-layer silica surface modification method was employed, where the inner 
layer served as coupling agent and the outer polysiloxane layer served to absorb stress and 
toughen the nanocomposite. Compared to unmodified or silane-modified silica, the two-
layer modified silica fillers also showed improved interphase properties as shown in 
 xxii 
thermomechanical and mechanical properties, including higher glass transition 
temperatures, lower thermal expansion in the underfills, and stronger silica-epoxy 
adhesion. 
With the understanding of underfill composition and properties, we further 
explored methods to control the flow of nanocomposite underfill and to reduce filler 
entrapment in solders for 3D IC packaging. Fluid control on hydrophobic/hydrophilic 
patterned surfaces were simulated to determine the critical contact angles the surface. 
Superhydrophobic Cu bond pads and hydrophilic Si3N4 were fabricated according to the 
computational analyses. Self-patterning of underfill was demonstrated, as well as the 
interconnection bonding using the superhydrophobic Cu. Filler entrapment is shown to be 









CHAPTER 1.   INTRODUCTION 
1.1   Overview of electronic packaging 
Ever since 1947, when the first transistor was invented at Bell Labs, semiconductor 
technology has developed and transformed enormously. Transistors with large size and 
high cost have developed into highly integrated circuits (ICs) with much smaller size and 
lower cost. The number and complexity of the functionalities in semiconductor devices 
have also increased significantly over the years. In today’s modern world, electronic 
products have become increasingly important and can be found in every aspect of daily 
life, from simple calculators to computers, mobile phones, and autonomous cars. 
Electronic packaging, defined as the bridge that interconnects IC and other 
components into a system-level board to form electronic products, plays an important role 
in microelectronics through the following four functions [1]: 
•   Power distribution, providing an electrical path to power the circuits and mainly 
concerns electromagnetic, structural, and material aspects. 
•   Signal distribution, including topological and electromagnetic aspects. 
•   Thermal management, dissipating the heat generated by the circuits via structural 
and material considerations. 
•   Environmental protection, including mechanical, chemical, and electromagnetic 
protections. 




From bare silicon chip to the final product, electronic packaging can be divided into four 
levels, from as shown in Figure 1-1: 
•   Level 0: semiconductor chip (IC) 
•   Level 1: an IC chip is assembled into a package carrier (substrate or lead frame) 
with interconnection materials using wire bonding, tape automated bonding, or flip 
chip assembly methods. The IC chip is protected by a lid or encapsulated with 
molding compound.   
•   Level 2: the packaged IC chip is mounted to a printed circuit board (PCB) or other 
types of substrates.  
•   Level 3: board to board interconnections. 
 
Figure 1-1. Levels of electronic packaging [2]. 
As electronics have evolved over the years in the areas of computation, 




cost, multi-functionality, miniaturization, and environmental friendliness, electronic 
packaging has also changed dramatically. Emerging packaging structures, such as 3D 
packaging, fan-out packaging, and system in packaging, as well as new devices and 
technologies, such as sensors, radio-frequency (RF) devices, optoelectronics, and flexible 
devices, pose new and more stringent requirements for materials. An example is molding 
underfill in fan-out packaging, in which the package encapsulants molding compound and 
underfill are combined into a single material with ultra-low coefficient of thermal 
expansion (CTE) and yet infiltrates into the gap between chip and substrate. To continue 
the trend of ever-shrinking microelectronics, new fabrication methods and processing 
techniques are also required. With appropriate material selection and design, packaging 
helps to enhance package reliability, extending the lifetime of electronic devices. In the 
following sections, we will review the use of encapsulant materials in electronic packaging. 
1.1.1   Encapsulation in electronic packaging 
A major material used in electronic packaging is encapsulant. Figure 1-2 shows the 
many polymer-based composite materials that can be found in levels 1 and 2 of electronic 
packages, and many can be categorized as encapsulants: molding and potting compounds, 
underfills (flip-chip, CSP/BGA), glob top encapsulant, and silicone encapsulant. The rest 
of materials are generally used for adhesives, substrate, electrically conductive, or 
thermally conductive applications such as thermal interface material or die attach adhesive. 
The commonly used polymer matrices are epoxy and silicone. Epoxy resin offers high 
adhesion to a number of surfaces, high hardness, low processing viscosity, and low cost, 




thermal stability. Based on the major polymer systems, the many different functionalities 
and applications of electronic packaging composites are derived from the filler system. For 
example, silver is used in electrically conductive adhesives for its low resistivity, and silica 
is used in molding compounds and underfills for its modulus enhancement and low CTE. 
 
Figure 1-2. Polymer composite materials used in electronic packages [3]. 
Encapsulant materials are formulated to enhance device reliability. As such, the 
materials are typically required to meet specific property targets. The most basic 
requirement for encapsulants is good adhesion to neighboring surfaces. To be used in 




content. Low moisture absorption is preferred because water can alter the polymer 
structure, and can be the source of dimensional instability when moisture creates high 
pressure at elevated temperatures. Additional material property requirements are present 
for specific encapsulant applications. The present dissertation is focused on encapsulants 
used for two specific applications: underfill and LED encapsulant. In the following 
sections, we will review the structures of first-level LED and IC packages, recent 
developments, and challenges. 
1.2   LED packaging 
Encapsulants are used in LED packages to provide environmental protection to the 
LED chip, serving as a barrier against oxygen, humidity-induced corrosion, and 
mechanical and thermal stresses. An additional and important benefit of encapsulating the 
chip is to increase light extraction efficiency. In a typical LED package structure (Figure 
1-3), the chip is connected to the lead frame via bond wire, and secured to the heat-drawing 
substrate with die attach adhesive. Without the encapsulant, emitted light directly travels 







Because the chip has much larger refractive index (RI) than air, much of the emitted light 
is reflected internally. Therefore, encapsulation of the chip using a material with medium 






Figure 1-3. Cross-section of typical LED package structure where LED is assembled on 
PCB [4]. 
 
The light extraction efficiency (LEE) of the LED package increases with increasing 
encapsulant RI, until it approaches ~2.0, at which LEE reaches saturation  [5]. RI of the 
encapsulant can be modified by increasing the RI of the polymer, or by adding high-RI 
inorganic fillers. Typical polymers have RI in the range of 1.3 – 1.7, and the RI of polymer 
can be increased by incorporation of high RI atoms or functional groups. The Lorentz-
Lorenz equation predicts that substituents with high molar refraction and small molar 
volume will increase the RI of the polymer [3]: 
 𝑛& − 1




where n is refractive index, Rm is molar refraction, and Vm is molar volume. Molar 
refraction is related to the polarizability and density of the substituent. Generally, more 




electron densities of such substituents are more easily disrupted by the incoming 
electromagnetic wave, thus slowing down light waves more. Examples of substituents with 
high molar refraction include halogens (Cl, Br, I), aromatic groups (phenyl, naphthyl), 
metals, and sulfur-containing moieties (S-H, S-S) [6], [7].  
 Using typical polymers as the base of encapsulant, RI of the encapsulant can be 
increased with high-RI fillers. The RI of the composite encapsulant can be estimated by 
the effective medium approximation, where the composite RI is simply the additive result 
of the component RI scaled with volume fractions (Vm and Vf for matrix and filler): 
 𝑛./,0/1234 = 𝑉,𝑛, + 𝑉5𝑛5 (3) 
The approximation directly leads to the observation that high RI composite can be obtained 
with high-RI fillers at high filler loading. The most commonly used fillers materials include 
amorphous silicon (RI = 4.23), TiO2 (RI = 2.50-2.90 for different phases), ZrO2 (RI = 2.10), 
PbS (RI = 4.20), CeO2 (RI = 2.18) and ZnS (RI = 2.36) [7]–[11]. The RI of polymer 
composites have been reported to reach 1.80 with high volume fraction of TiO2 [11]. 
 In order to enhance LEE and maximize light output, the encapsulant material should 
also exhibit high transparency, which poses requirement on the size and dispersion of high-
RI filler in the composite. Large domains of inorganic fillers will reduce the transparency 
of the encapsulant due to scattered light beams. Compared to Mie scattering, Rayleigh 




than the wavelength of light and is a more appropriate approximation for the transparency 








− 1 	   (4) 
Where	   I0	   is	   initial	   light	   intensity	   and	   I	   is	   final	   intensity,	   Vp	   is	   volume	   fraction	   of	  
particle,	  x	  is	  path	  length,	  r	  is	  particle	  radius,	  λ	  is	  wavelength,	  and	  n	  is	  refractive	  index	  
for	   particle	   or	   matrix,	   as	   denoted	   in	   the	   subscript.	   In polymer nanocomposite, the 
intensity of transmitted light is a function of filler loading, filler size, wavelength, and RI 
of filler and matrix, and the transparency decays exponentially with volumetric filler 
loading and with the cube of particle size [12]. Scattering-induced loss of transparency can 
be minimized for composites where the filler domains are much smaller than the 
wavelength of light. More specifically, the loss of transparency can be greatly reduced 
when the filler domain is smaller than one-tenth of the wavelength [7]. Considering visible 
spectrum as 400 – 800 nm, the filler domain in the encapsulant should be smaller than 40 
nm. Furthermore, Cai et al. reported the simulated transmittance of composite materials 
with nanoparticle fillers, and concluded that nearly 100% transmittance can be achieved in 
composites up to 40 vol.% loading with < 10 nm nano-fillers [13]. However, as filler size 
increases, transmittance decreases rapidly. With ~ 30 nm fillers, transmittance drops to ~ 





Figure 1-4. Transmittance of polymer composite as a function of filler loading and filler 
size [13]. 
 
 To reduce light scattering, the synthesis and dispersion of nanoparticle fillers 
become important. Sol-gel synthesis of nanoaprticles can achieve good control over 
particle size and dispersion. Kim et al. reported direct grafting of siloxane monomers on 
Zr nanoparticles in the sol-gel synthesis, and the siloxane-Zr particles undergo crosslinking 
by hydrosilylation during curing [14]. However, transparency > 80% was limited to 
composites with < 5 wt.% Zr, limiting the RI of the composite. In sol-gel synthesis of Si-
based composite material, RI was reported to achieve 1.56 [15]. Compared to Zr and Si, 
TiO2 has higher RI, and sol-gel synthesis of TiO2 has increased the RI of polymer 
composite to 1.7 [16]. Methods other than sol-gel synthesis have also shown success in 
enhancing the composite RI. Synthesis of Si nanoparticles via a reverse micelle method 
gave vinyl-grafted Si fillers that can crosslink with silicone resin. The composite RI was 




modified TiO2 gave RI above 1.80 [18]. However, in the previous reports, long-term 
stability of the nanocomposites is rarely discussed.  
1.3   Integrated circuit packaging 
1.3.1   Flip-chip technology 
Flip chip is the first level IC packaging approach in which the active side (with IC) 
of the silicon chip is faced down and connected to the substrate, printed wiring board 
(PWB), printed circuit board (PCB), or interposer [19]. The active sides of the chips are 
bumped with solders (Figure 1-5). During thermal reflow or thermocompression bonding 
process, the solder melts and wets on the metal contact pad of the substrate to form the 
electrical and mechanical connections between the IC and the substrate. Compared to wire 
bonding, where the active side of IC faces upwards and connects to the lead frame via gold, 
copper, or alloyed aluminum wires, flip chip offers many advantages: 1) higher 
input/output density and better use of real estate due to full utilization of the chip area for 
interconnection, 2) shorter lead length, lower inductance, smaller device footprint, and 
lower profile, and 3) higher throughput and yield due to simultaneous self-aligned 





Figure 1-5. General configuration of a flip-chip package with underfill. Reprinted with 
premission from [22]. 
 
The thermomechanical fatigue life of the solder joints is a major concern in flip-
chip technology. The thermomechanical stress is mainly derived from the CTE mismatch 
among Si die (2.5 ppm/K), solder joints (18-22 ppm/K), and substrate (4-10ppm/K for 
ceramics and 16-24 ppm/K for organic FR4 board) [23]: 
 




Where 𝜎 is stress, E is modulus, 𝜀 is strain, 𝛼 is CTE, and T is temperature. The bonding 
temperature Tb is typically defined as the stress-free temperature, and the stress is 
integrated over temperature. It should be noted that E and α are not necessarily constants 
over the temperature range. In a bonded flip-chip structure, the shear stress experienced by 




Due to the above-mentioned thermomechanical stress concerns, early flip chip 
packages used high cost ceramic or silicon materials as substrates. It was until Hitachi first 
demonstrated improved solder fatigue life with resin infiltrated under the chip for stress 
redistribution that cheaper plastic substrates could be used to replace the ceramic or silicon 
substrates. The infiltrated resin material is a liquid encapsulant called underfill typically 
composed of epoxy resin matrix and silica fillers. Underfill can be applied to the package 
before (pre-applied) or after (post-applied) interconnect formation. After deposition, 
underfill can be thermally cured to form a cross-linked network and converted to a 
thermoset polymer. Highly filled underfill exhibits high modulus, low moisture absorption, 
and low CTE matching that of the solder joint, as well as good adhesion to mechanically 
couple the chip to substrate to restrain most of the lateral movement between two 
interfaces. Thermomechanical stresses on the solder joints are redistributed among the 
chip, underfill, substrate and all the solder joints, instead of concentrating on the peripheral 
joints. Figure 1-6 shows the effect of underfill on enhancing package reliability. The 
package is stress-free at solder bonding temperature (210-225˚C for eutectic Sn63Pb37, 235-
250˚C for Sn96.5Ag3.0Cu0.5, 250-270˚C for eutectic Sn96.5Ag3.5). As package temperature 
decreases, the differential thermal shrinkage results in large shear stress on the peripheral 
solder joints. Without underfill and under cyclic stress, the joints begin to crack and fail. 
When underfill is infiltrated into the package, the stress is redistributed across all solder 
joints and each join is able to sustain the stress under cyclic loadings. Cured underfill can 
reduce the solder strain level to 0.10-0.25 of the strain in joints which are not encapsulated, 




giving much longer lifetime than the unfilled counterpart [24]–[26]. In addition to 
dissipating thermomechanical stress, underfill also provides the environmental protections 
to the solder joints.  
 
Figure 1-6. Effect of underfill on redistribution of thermomechanical stress. 
 
1.3.1.1   Capillary underfill technology 
The conventional, post-applied underfilling method involves infiltrating the 
underfill into the gap between already-bonded chip and substrate. Because infiltration 
relies on the capillary action of drawing underfill into the gap, the method is also called 
capillary underfill technology. Figure 1-7 shows the process of capillary underfilling. First, 
flux is dispensed onto the metal bond pads to remove the metal oxides from the surface. 




thermocompression process, flux is cleaned from the package. Then underfill is dispensed 
from a syringe and pulled into the package by capillary force, and finally heated and cured 
to give the crosslinked composite. 
 
Figure 1-7. Capillary underfill process. Reprinted with permission from [22]. 
With the current microelectronics trend of reducing size and lowering cost, it is 
inevitable that chip dimension and I/O counts increase, and the gap height between chip 
and substrate decreases. Reduced gap height makes flux cleaning more difficult, and flux 
residues can lead to interfacial issues in the package, such as reduced adhesion, due to the 
incompatibility between underfill and flux [27], [28]. In addition, the capillary flow is often 
the limiting step in the capillary underfilling process. The flow is slow, and imperfect flow 
results in voids in the interconnection layer. Filler settling and non-homogeneity can also 




modelled as two parallel plates and the underfill can be modelled as a viscous flow. The 




𝜎ℎ cos 𝜃 
(6) 
Where tfill is the time required to fill the gap between the parallel plates, η is the viscosity 
of the underfill, L is the length of the chip, σ is the coefficient of surface tension, h is the 
gap height, and θ is the underfill contact angle. From equation above, it is clear that longer 
fill time is required to underfill a package with a larger chip and a smaller gap height. 
Solder bumps and surface roughness are not considered in the Hele-Shaw model. It has 
been shown that, because of the low underfill contact angle on solder, the presence of solder 
bumps increases the capillary force drawing the underfill into the gap. Assuming constant 
gap height, the capillary force increases with decreasing bump pitch till it reaches a 
maximum. After which the capillary force drops to zero rapidly as the bump pitch 
approaches the bump diameter [30]. 
Reduced gap height also introduces limitation on the filler size. For capillary flow, 
the filler size should be half of the gap height. When bonded to PWB, the filler size should 
be limited to one-third of the gap height because plastic-laminate boards have higher 
surface roughness [31]. Therefore, filler size is required to go into nano-regime as package 
size decreases. The side effect of reducing filler size include increased filler surface area 




To reduce the viscosity at underfill dispense, a common practice is to increase the 
temperature, either by pre-warming the underfill or heating the substrate. A typical 
underfill having viscosity of above 4,000 cP at room temperature can reduce its viscosity 
to 200 – 400 cP when heated to 80˚C [32], [33]. However, the practice of heating the 
underfill is limited by the curing activity and pot life of the underfill. Underfill dispense 
and flow cannot continue when gelation occurs. 
1.3.1.2   No-flow underfill technology 
Due to the many steps involved in the capillary underfilling process and the flow 
difficulties with fine pitch and small gap packages, a simpler and less time-consuming 
process was sought after. In 1992, a process later termed “no-flow” underfilling was 
invented [34].  In this process, flux and underfill are combined. As shown in Figure 1-8, 
the underfill is dispensed on the substrate with metal bond pads, and then bumped chip is 
aligned and placed on the substrate. The final step is solder bonding by reflow or 
thermocompression process. During interconnection formation, fluxing agent is activated, 
metallurgical bonding is formed between solders and bond pads, and underfill is cured, 
although additional post-cure may be required in an oven. In this process, flux dispensing 
and flux cleaning steps are eliminated, and the solder bump reflow and underfill curing 
steps are combined. It also removes the capillary flow step and eliminates the defects such 





Figure 1-8. No-flow underfill process. Reprinted with permission from [22]. 
 
 The underfill material is critical for the no-flow process. The key-enabler properties 
of no-flow underfills include build-in fluxing capability and latent curing ability [35], [36]. 
In addition to the requirements of capillary underfills such as low CTE, strong adhesion, 
and appropriate modulus, no-flow underfills should also meet the following requirements: 
•   Have curing profile that matches the interconnect bonding profile. Curing latency 
is desired so interconnections are formed before the underfill is cured. When 
underfill is gelled or cured prematurely, the solder bumps cannot properly collapse 
onto the bond pads with the desired yield or interconnect reliability. 
•   Provide sufficient fluxing power to reduce the surface metal oxides on the solders 
bumps and metal bond pads into metal so that metallurgical bonding can take place. 
•   Be fully cured during the reflow or thermocompression process, or in an additional 
post-cure step below 175˚C after package is interconnected. 
•   Have zero or low filler entrapment in the solder joints. More detailed discussion 




The first requirement, curing latency, varies by the solder and the bonding process: 
mass reflow or thermocompression. For lead-containing solders, the peak temperature is 
lower due to the lower melting point. The difference in peak temperature lead to higher 
underfill curing latency requirement for lead-free bonding processes. For lead-free solder, 
a typical mass reflow profile is shown in Figure 1-9, and a typical thermocompression 
bonding profile is shown in Figure 1-10. Both processes have a soaking step designed to 
activate the flux, and a peak temperature designed to melt the solder. Higher curing latency 
is required for lead-free solder interconnects since higher temperature is reached before 
solder joints are formed. 
 






Figure 1-10. Thermocompression bonding profile for lead-free solder. 
 
 The major differences between the two bonding processes are process time and 
pressure. Compared to the mass reflow process, the thermocompression bonding process 
takes much shorter time and involves an applied pressure. Pressure is applied during the 
soaking stage to facilitate solder-bond pad contact and to remove volatile species generated 
by the flux. Small pressure remains during the peak temperature stage to secure and align 
the chip in place without forcing the molten solder to flow out. The shortened process time 
in thermocompression bonding means the curing kinetics of underfill should be modified 
to match the time factor. The ramp rate in thermocompression bonding is ~ 6 K/sec in lab-
scale bonders and up to 400 K/sec in industrial production tools [38]. The high ramp rate 
essentially “delays” underfill gelation to a higher temperature. Therefore, underfills for 
thermocompression bonding should have less curing latency such that, when combined 




The comparison of capillary and no-flow underfilling processes are summarized in 
Table 1-1. Capillary underfilling technology is able to use highly filled underfill systems 
through filler system engineering, but flow issues remain challenging. In particular, in fine-
pitch and small gap height packages, flow issues aggravate and capillary underfill is not 
compatible with the package structure. On the other hand, no-flow underfilling combines 
fluxing, solder bonding and underfill curing into one step, saving time and cost, but it is 
challenging to eliminate filler entrapment and design the curing kinetics such that the 













Table 1-1. Comparison of capillary and no-flow underfilling processes. 
Property Capillary underfilling No-flow underfilling 
Dispending time After solder bonding Before solder bonding 
Apply to Die attached substrate Substrate or wafer 
Flux process Required Not needed 
Interconnection 
process 
Mass reflow or 
thermocompression bonding 
Mass reflow or 
thermocompression bonding 
Advantages Compatible with highly filled 
underfills (low CTE) 
§   Eliminates capillary flow and 
separate fluxing steps 
§   Streamlined process with 
combined fluxing, solder 
bonding and underfill curing 
Challenges §   Flow-related: slow flow, 
voids, filler settling and 
flow marks 
§   Difficulty in flow in fine-
pitch and small gap height 
packages 
§   Filler entrapment with highly 
filled underfills 
§   Matching curing and bonding 
profiles 
 
1.3.2   Underfill materials 
Underfill materials are composed of three major components: resin, filler, and 




dimensional stability, good chemical resistance, high mechanical strength, and strong 
adhesion to surfaces in the package. Thermosetting epoxy resins are most commonly used 
for this role. The resin system also includes a curing agent that forms crosslinked structure 
with epoxy resin upon curing, and a curing catalyst that is selected specifically for the 
underfilling and solder joint formation processes. Resin modifiers can be added to form 
hybrid polymers with epoxy and to introduce additional functionalities for improved 
package reliability. Rubberizing polymers with low Tg and low modulus, such as 
polysiloxane, have been added to reduce the stress in the underfill and to improved underfill 
toughness [39], [40]. The resin components extensively used in the present thesis are shown 
in Figure 1-11. The reaction pathways of the curing reactions have been studied extensively 
[41], [42]. It is generally accepted that the pyridine N on the imidazole catalyst initiates the 
reaction via nucleophilic attack on the anhydride curing agent [43]–[45]. After the attack, 
the opened anhydride ring can continue the curing reaction by a second nucleophilic attack 
on the epoxide ring (Figure 1-12). An alternative reaction route involves the bond 
formation between epoxy and imidazole, also via nucleophilic attack (Figure 1-13). A 3D 





Figure 1-11. Chemical structures of epoxy resin system. 
 
 
Figure 1-12. Curing reactions in the epoxy resin. R = cyanoethyl, and R represents the rest 






Figure 1-13. Nucleophilic attack reaction of imidazole with epoxy. A bisphenol-A epoxy 
is shown as a representative epoxy structure. R = cyanoethyl. 
 
Silica fillers are the most commonly used filler material in underfill, for their low-
CTE of 0.5 ppm/K can effectively reduce the underfill CTE. Others benefits of 
incorporating silica fillers include reduced moisture absorption, higher fracture toughness, 
and higher modulus to match that of the solders, leading to improved mechanical properties 
in the package [46], [47]. For packages such as high power devices, where thermal 
management is a concern, highly thermally conductive fillers can be used. Examples of 
such fillers include aluminium nitride, boron nitride, and diamond [48]–[51]. Because solid 
fillers impede the flow of polymer resin, the loading, size, shape and surface chemistry of 
fillers have an important consequence on the viscosity of the underfill.  Comparing 
underfills with the same loading of mono-dispersed fillers, micron-sized silica fillers give 




the opposite effect due to difference in surface area. As a result, processing limitation is 
quickly reached at relatively low content of nano-fillers. However, higher filler loadings 
(50-70 wt.%) is important in reducing the underfill CTE. Therefore, fillers are typically not 
mono-sized but over a size distribution. Filler size distribution has been widely studied for 
enhancing solid packing, reducing percolation threshold, reducing filler settling, and 
reducing viscosity [52], [53]. In a binary system, the optimal proportion of large particle is 
about 0.75 when the size ratio of small to large spheres is less than 0.1 [54], [55]. Figure 
1-14 shows that, for epoxy composite with 65 vol.% of AlN and silica fillers, the optimal 
filler size distribution gives the highest packing fraction and the lowest viscosity as 
represented in longer spiral flow length [56]. Beneficial properties such as higher thermal 
conductivity, higher flexural strength, and lower moisture absorption are results of high 
packing fraction. In practical usage, underfills contains multiple filler sizes, which allows 
even better optimization of composite viscosity and filler packing. 
 
Figure 1-14. Effect of filler size distribution on composite viscosity and packing fraction. 





Spherical fillers also give lower underfill viscosity because they have the smallest 
rotational diameter when compared to elliptical or flake-type fillers. In fact, flake 
morphology of fillers will give paste instead of flowable composite. The effect of surface 
chemistry on underfill viscosity will be discussed in more detail in the next section. In 
general, filler surfaces that have favourable interactions with the resin gives lower viscosity 
due to less and smaller agglomerates in the system. 
Additives are introduced into underfill systems to enhance the properties of cured 
underfill. Interfacial agents such as silane molecules can bond dissimilar surfaces and are 
commonly used for the roles of adhesion promoters and filler dispersing agents. An 
example is γ-glycidoxypropyltrimethoxysilane (Figure 1-15) that can be used to disperse 
silica fillers. The hydrolyzed methoxy group can bond with silica via a dehydration reaction 
and the epoxide end group interacts with the resin. Detailed description of the silane-silica 
reactions will be reviewed in Section 1.3.3.2. In no-flow underfills, fluxing agents such as 
polyol or organic acids are also added [57]. The fluxing agents work by a redox reaction 
where the metal oxide on solders and bond pads are reduced to metal, and the fluxing agent 
is oxidized. 
 





The ideal underfill properties are presented Table 1-2. Low curing temperature and 
short curing time are desired to limit high-temperature exposure of other package 
components. High Tg over 125˚C gives better thermal stability of underfill in the 
temperature range (-55 ~ 125˚C) of typical thermal cycling and thermal shock reliability 
tests (JEDEC standards) by avoiding the glass transition region in the polymer and avoiding 
the rubbery phase in epoxy. The significance of the filler system is shown in the many 
filler-related properties, such as CTE, modulus, fracture toughness, moisture absorption, 
etc. Because underfill is used to encapsulate electronic components, dielectric and 
electrical property requirements are also listed. In order to satisfy the material requirements 
for high-performance underfills, existing and new challenges in filler dispersion, 












Table 1-2. Ideal underfill properties [58]. 
Curing temperature < 150˚C 
Curing time < 30 min 
Tg > 125˚C 
Working life > 16 hr 
Viscosity (RT) < 25 mPa·s 
CTE (α1) 22 -27 ppm/K 
Modulus 5 – 10 GPa 
Fracture toughness > 1.3 MPa·m½ 
Moisture absorption (8 hr in boiling water) < 0.25 % 
Filler loading 50 – 70 wt.% 
Alpha particle emission < 0.005 counts/cm2/hr  
Shore D hardness > 85 
Volume resistivity (RT) > 10
13 Ω-cm 
Dielectric constant (RT and 1 kHz) < 4.0  
Dielectric loss (RT and 1 kHz) < 0.005 





1.3.3   Filler-matrix interface 
Typical functional polymer composite materials are consisted of filler and polymer 
matrix. At first glance, one might oversimplify the interface to a two-dimensional area. 
However, in polymer composite systems, it has been shown that the interphase between 
filler and bulk polymer matrix has a volume, and exhibit properties that differ from both 
the filler and the matrix [59]. The adsorption of polymer chains to the filler surface is the 
reason for interphase formation, and the effect of the interphase on the properties of the 
composite is a complex function of interfacial interactions, interfacial area, inter-filler 
distance, and spatial distribution of fillers.  
1.3.3.1   Interphase effects 
The nature of interfacial interactions play an important role in determining the 
properties of the interphase— attractive interactions lead to slower polymer chain 
dynamics in the interphase, while repulsive interactions have the opposite effect. With the 
large area of interfaces in nanocomposites, substantial deviation of nanocomposite Tg can 
be observed, and the direction of change is attributed to the nature of the interfacial 
interactions. In the case of repulsive interfacial interactions, free volume results at the 
interface, leading to decreased Tg [60]–[62]. On the other hand, attractive interactions lead 
to partially immobilized polymer chains close to the filler surface, subsequently result in 
Tg increase [63]–[65]. Rittigstein et al. reported that hydrogen bonding between silica and 
poly(methyl methyacrylate) (PMMA) and poly(2-vinyl pyridine) (P2VP) lead to up to 10 




[66]. Furthermore, the Tg of PMMA and P2VP polymer films increase with decreasing 
distance to silica surface, indicating the confinement effects as the main contributor to 
increased Tg in nanocomposites, and the effect of confinement can extend to hundreds of 
nanometers in nanocomposites [67]. Because of the significant interphase thickness 
relative to the filler radius, the “effective particle volume fraction,” which includes both 
the filler volume and the interphase volume, is larger than the actual particle volume 
fraction, the interphase can greatly affect bulk material properties of nanocomposites. 
Nanofiller-incoporated polymer composites with attractive interfacial interactions show 
reduced CTE and increased modulus, while those with limited filler-matrix interactions 
and interfacial free volume show reduced elastic modulus and reduced viscosity [62], [68]–
[70]. 
Assuming ideally dispersed filler particles in polymer matrix, filler size will 
directly influence the interfacial area and inter-filler distance. For composites with the same 
filler loading, the one with nanosized fillers will have considerably larger filler-matrix 
interfacial area than that with micro-fillers. As the interphase can be approximated as a 
layer of a certain thickness extending from the surface of filler, the interphase volume 
increases linearly with interfacial area. Reports show that the interphase thickness is 
roughly on the same order for varying particle size and filler loading [71]–[74]. Using 
molecular dynamics simulations, Brown et al. have concluded that the thickness of the 
interphase layer is ~ 2 nm and is independent of filler size and filler loading for inclusions 
of 3 ~ 12 nm diameter [75]. At the same time, Zhang et al. showed that the interphase 




nm, and Petrovicova et al. reported that the interphase thickness of 7-12 nm silica/nylon 
composite ranges from 3.6 to 22.4 nm [76], [77]. More recent study by Harton et al. showed 
that the interphase thickness of a silica/poly(2-vinylpyridine) system ranges from 1 to 5 nm 
for particle diameters of 15 nm to infinity, which is essentially a flat silica surface [78]. For 
composites with the same filler loading, inter-particle distance τ scales linearly with 







− 1  (7) 
where d is particle diameter and ϕ is volumetric filler loading. Assuming that the interphase 
thickness is roughly on the same order for fillers of different sizes, it is clear that the inter-
particle distance determines the volume ratio of the interphase to the composite. As particle 
size decreases, the relative interphase volume increases due to increased interfacial area 
and reduced inter-particle distance, and the effect of interphase becomes increasingly 
pronounced. For example, compared to micro-sized fillers, nano-silica, silver, aluminum, 
or carbon black reduced the Tg of epoxy composites due to the extra free volume at the 
filler-epoxy interfaces [79]. 
The underlying assumption to the above approximation is ideal dispersion of fillers. 
Due to high surface energy of nanoparticles and unfavorable filler-polymer interactions 
relative to filler-filler interactions, fillers agglomerate to reduce the interfacial area exposed 
to the polymer matrix for energy minimization [80]. As the result of particle agglomeration, 




volume is reduced. In addition, in composite systems where the filler loading reaches the 
percolation threshold, increasing the degree of clustering lead to loss of percolated 
interphase network. In nanocomposites where attractive filler-matrix interaction is 
expected to increase composite Tg, filler clustering results in reduced Tg increase due to the 
reduced interphase volume [81]. Compared to the case of well-dispersed filler in matrix, 
additional effects of filler clustering include reduced modulus, reduced degradation 
temperature, and increased viscosity [82]–[85]. 
1.3.3.2   Chemical modifications on filler surfaces 
Chemical modifications on filler surfaces are often performed to decrease surface 
free energy, ensure favorable filler-matrix interactions and improve filler dispersion in the 
polymer matrix, thus enhancing composite properties. The choice of method and 
modification agents is highly dependent on the surface chemical environment of the filler 
material. For example, metal oxide fillers with surface hydroxyl groups such as titanium 
dioxide, zirconium dioxide and silicon dioxide, can be modified with silanes, phosphonic 
acids, and carboxylates, while metal fillers such as silicon,  can be modified with thiols, 
disulfides, amines, and carboxylic acids [86]–[90]. Because silica is the most widely used 
filler in electronic encapsulants, the following discussion will focus on the surface 
modification of silica for incorporation in polymer matrices. Reactive hydroxyl groups on 
the surface of silica can be used as the reaction sites to form densely packed monolayers in 
surface modifications, and the number of hydroxyl groups per unit area on SiO2 is 4.6-4.9 
OH/nm2 according to the Kiselev-Zhuravlev constant [91], [92]. Surface modification on 




towards Si-OH surface groups make them a popular class of surface modification agent for 
applications in different areas [93], [94]. Functionalization of silica surfaces can be 
obtained with the functional terminal group on at the end of the alkyl chain, and a second 
reaction on the end group of a silane layer can be used to modify the functionalization for 
different applications. In the latter case, the secondary functionalization reaction allows 
attachment of functional groups that would not be easily attached to surface [95], [96]. 
Some examples of  applications of silane functionalization include 
aminopropyltrimethoxysilane and aminopropyltriethoxysilane as adhesion promoter, the 
latter of which has also shown applications in protein binding [97], [98]. Surface 
hydrophobicity can be achieved with a monolayer coating of fluorinated silane, and the 
surface can be used towards inactivation of viruses [99].  
The structure of organosilanes can be represented as RaSi(OX)b, where R is an alkyl 
group, OX is a leaving group, and a and b denote the number of different groups, and can 
be further classified as monofunctional (a = 1, b = 3), bifunctional (a = b = 2), or 
trifunctional (a = 3, b = 1) (silane structure scheme). In monofunctional silanes, each silane 
molecule forms one covalent bond with the silica surface, but the two methyl groups on 
the Si atom sterically hinders the bonding of neighboring silanes, resulting in lower 
functionalization density. Trifunctional silanes can react with the silica surface with the 
three hydrolysable groups, achieving higher grafting density and crosslinking in the 
monolayer. However, oligomerization of silane molecules can create disordered surface 
structures and increased surface roughness. Reactive organofunctionality can be 




The reactive terminal offers the advantage of covalent bond formation with the polymer 
matrix in composites, whereas non-reactive alkyl R groups can only provide physical 
compatibility with non-polar matrices.  
The reaction of silane on silica surface proceeds in three steps [100] (Figure 1-16). 
Firstly, silane undergoes hydrolysis with water to produce Si-O-H groups and alkoxy (H-
OX) leaving group. In addition to the nature of the R group, the reactivity and strength of 
the leaving group influence the reactivity of silane and the appropriate reaction conditions 
for the surface modification. For example, the methoxy groups of methoxysilane can be 
hydrolyzed faster than the ethoxy groups of ethoxysilane, and  
aminopropyltrimethoxysilane can react on surfaces at a lower temperature than 
aminopropyltriethoxysilane [101], [102]. After hydrolysis, the hydrolyzed group form 
hydrogen bonding with the hydroxyl group on the silica surface. Last step is condensation 
reaction between Si-OH of silane and of silica to form Si-O-Si covalent bonds, anchoring 
silane on the silica surface. In the case of bi- or tri-functional silanes, condensation also 






Figure 1-16. Hydrolysis, surface adsorption and hydrogen bonding, and condensation 
reactions of silane in the surface modification reactions. A trifunctional silane with leaving 
group X and alkyl group R is shown here. 
 
For the majority of silanes, hydrolysis activation proceeds at a more acceptable rate 
under either acid or base catalysis. In acid-catalyzed hydrolysis, the leaving group is 




Si atom yields hydroxyl groups bonded to Si. In base catalyzed hydrolysis, hydroxyl ion 
attacks the Si atom, forming a pentacoordinate intermediate, which proceeds with the 
hydroxyl displacing the alkoxy group. In acidic conditions, the rate of hydrolysis is 
increased and the rate of condensation is reduced, thus limiting the formation of siloxane 
networks that have limited number of silanol groups exposed to the filler surface. In fact, 
acidic condition stabilizes the hydrolyzed silanes, and the formation of three-dimensional 
siloxane structures required one month [103]. Temperature effects on the quality of the 
silane layer have been reported. Pasternack et al. showed that in-situ annealing at 70˚C 
produced both denser and thinner silane layer compared to that without annealing due to 
the thermal-activated organization of silane molecules. The highly packed silane layer is 
also more resistant against degradation by hydrolysis [104]. Soliveri et al. identified the 
optimal deposition condition of triethoxy(octyl)silane and 1H,1H,2H,2H-
perfluoroctyltriethoxysilane on silica surfaces to be 90 – 100˚C [105]. Higher deposition 
temperatures led to more lateral polymerization and vertical polymerization. 
Silane deposition can be obtained via vapor phase or solution phase deposition. 
Haller first reported the vapor phase deposition of 3-aminopropyltriethoxysilane on the 
surface of Si and GaAs in 1978 [106]. The vapor phase process has advantages in good 
reproducibility of silane monolayers and reduced formation of siloxane oligomers [107]–
[109]. However, the vapor phase silanization process is challenging for filler treatments 
due to difficulties in achieving uniform exposure of filler surfaces to the silane vapor and 
in particle collection. Therefore, solution phase deposition is often used for monolayer 




in solution phase, unreacted silane molecules are washed away after the reaction, and 
treated fillers are collected in the final step [110], [111]. The fillers can be subsequently 
mixed with polymer to prepare polymer composites [112]. 
In epoxy matrix composites, fillers are typically coupled to the matrix via amino-
functional or glycidoxy-functional silanes [100]. Silane coupling of filler and matrix can 
enhance thermostabilization, filler dispersion, flowability, moisture resistance and 
mechanical and dielectric properties. Sun et al. reported that, compared to non-treated 
fillers, silane treatment of nanosilica prior to mixing with epoxy resin reduced moisture 
uptake and improved filler dispersion, the latter of which contributed to reduced viscosity 
[110]. Chang et al. showed that epoxy composite with aminosilane-treated silica fillers 
exhibit higher thermal degradation temperature, and reduced moisture absorption and gas 
permeability [113]. More recently, Guo et al. showed that adding silica treated with 
aminosilane or glycidoxysilane to epoxy matrix improved silica-epoxy interactions and 
reduced composite viscosity. However, reactive silane affected the stoichiometry of resin 
components, leading to reduced Tg [114]. Epoxy composite with glycidoxysilane-treated 
silica fillers show higher volume resistivity, lower dielectric loss, and higher breakdown 
voltage, and the improved dielectric properties can be attributed to improved dispersion 
and better filler-matrix interfacial adhesion [115]. When untreated silica particles are added 
into polymer matrix, tensile strength of the composite was increased, but tensile elongation 
and impact energy decreased. When silane-treated silica particle are used, similar tensile 
strength is obtained but tensile elongation and impact energy are increased, suggesting 




1.3.4   Filler entrapment in no-flow underfill technology 
As microelectronics evolved over the years, new packaging challenges arise, one 
of which is trapped fillers in pre-applied underfilling scheme. Device miniaturization 
drives packages towards fine pitch, low profile, and stacked dies (3D IC). With such 
package design, traditional post-applied capillary underfilling technology is insufficient 
and pre-applied no-flow underfilling methods should be used.  
However, highly filled no-flow underfills often see fillers trapped between solder 
joints and bonding pads, compromising interconnection formation, signal transmission, 
and package reliability. Therefore, current technologies are limited to using underfills with 
low filler contents. Underfills, as composite materials, derive many of their properties from 
the silica fillers, and the reduced filler loading level affects the material behavior in 
multiple ways. As shown in Table 1-3, no-flow underfills exhibit higher CTE and lower 
modulus, both of which are related to the volume fraction of silica fillers and can be directly 
attributed to lower filler content. Lower fracture toughness can be attributed to fewer crack 








Table 1-3. Property comparison of typical capillary underfill and no-flow underfills 
 Capillary underfill No-flow underfill 
CTE (ppm/K) 22 – 27 60 – 80 
Modulus (GPa) 8 – 10 2 – 3 
Fracture toughness (MPa-m1/2) > 1.3 Typically lower 
Moisture absorption < 0.25% Typically higher 
Filler content < 70 wt.% < 30 wt.% 
 
Few approaches to reducing filler entrapment and thus allowing the use of highly-
loaded underfills in no-flow packages have been reported. Zhang et al. reported a double-
layer underfilling process, in which a high-viscosity and filler-free layer of epoxy resin is 
dispensed on the bottom and a layer of filled underfill is dispensed on the top [117]. The 
bottom layer helped to prevent filler entrapment due to the viscosity difference. However, 
the homogeneity of the underfill was not addressed, and filler separation within the 
interconnection layer is likely. Another process involving slicing through the underfill-
covered solder posts has been reported to eliminate filler entrapment [118]. In this process, 
the initial filler placement had little impact since the top layer is removed. However, this 
process may not be ideal for low profile packages due to difficulty in handling thin wafers 
for slicing. More recently, Kester developed underfill with curing profile closely matching 
the reflow profile to reduce filler entrapment [119], but the method requires customization 




We propose a more general approach to reduce filler entrapment at interconnects 
commonly observed in no-flow underfills by surface-patterned hydrophobic – hydrophilic 
domains that help to control the flow of underfill on the substrate. 
Controlling fluids by hydrophobic – hydrophilic patterns on surfaces is not new. As 
summarized in Table 1-4, such surface patterns have been used for patterning of cell 
microarrays, microfluidic channels, precision solution arrangement and generation, and 
even fog collection. However, in the reported applications of surface patterning, the test 
liquids are typically water, buffered saline solutions of biological fluids, or other low-
viscosity solvents and fluids. In the literature, the highest viscosity reported for surface 
patterning is 0.02 Pa-s, which is lower than the minimum viscosity of underfills by two 
orders of magnitude. In order to develop surface patterning for controlling the flow of 
underfill and reducing filler entrapment, a thorough understanding of underfill material and 
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Table 1-4 continued. 
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1.4   Research objectives 
The research objective of this thesis is focused on the understanding and application 
of nanocomposite materials in order to improve their performance in electronic packages, 
including: 
1)   Rational design of polymeric composite materials, including filler, matrix, and 
interphase, for applications in optical and thermomechanical solutions in electronic 
packaging; 
2)   Study how the properties of the filler – matrix interface manifest in bulk composite 
properties, and methods to improve the interface; and 






CHAPTER 2.   HIGH REFRACTIVE INDEX NANOCOMPOSITE 
WITH HIGH TRANSPARENCY FOR HIGH BRIGHTNESS LED 
PACKAGING 
2.1   Introduction 
Light-emitting diode (LED) is a solid-state lighting device that has many 
advantages over conventional incandescent and fluorescent light sources and has great 
potential in future lighting. The attractive features of LED include small volume, high 
efficiency, low power consumption, long lifetime, and environmentally friendliness [140]–
[142]. The major components of LED device include substrate, heat sink, die attach, LED 
chip, bond wire, and encapsulant (in the order of backside to the light-emitting side) [143]. 
The encapsulant provides environmental protection to the LED chip, serving as a barrier 
against oxygen, humidity-induced corrosion, and mechanical and thermal stresses. Another 
important function of the encapsulant is enhancing light extraction. Due to the large 
refractive index (RI) mismatch between LED chips (RI= 2.47 for GaN at the emission 
wavelength of 460 nm) and air (RI = 1), about 74% of the emitted light is internally 
reflected back into the chip [144]. The reflected light not only result in low light extraction 
efficiency (LEE), but also converts to heat, and the increased device temperature changes 
light color and further reduces the luminous efficiency [145], [146]. Therefore, an 




Epoxy resins can be used as LED encapsulants for their good adhesion to other 
surfaces in the package, but their chemical structures often render them brittle. 
Furthermore, epoxy resins degrade when exposed to radiation and high temperatures which 
results in discoloration, and are unideal for LED packaging [147]. Silicone resins are also 
widely studied as encapsulant matrices, and they offer higher thermal stability than 
epoxies. LEE can be improved significantly by increasing the RI of the encapsulant. When 
a single layer of encapsulant with uniform RI is coated on GaN LED, LEE increases with 
increasing RI until it reaches saturation with RI approaching 2.0 [5]. The ratio of LEE of 
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 (8) 
Where n is the refractive index of the medium, and θc is the critical angle at which light is 
internally reflected back to the LED chip. The LEE ratio for GaN LED as a function of 
encapsulant RI is shown in Figure 2-1. It is clear that LEE ratio increases with increasing 
RI of encapsulant. However, the RI of both epoxy and silicone resins lie in the range of 
1.40 to 1.55 in the visible wavelength, and are still too low to produce high-efficiency and 
high-brightness LEDs [148]. Recent reports suggest that modifications on the polymer 
structure lead to mediocre RI enhancements. Cycloaliphatic epoxy oligosiloxane with high 
phenyl content show a RI of 1.583 at 633 nm [149]. Hydrosilylation of phenyl-vinyl-
oligosiloxane with phenyltris(dimethylsiloxy)silane produced a siloxane with RI of 1.56 at 
633 nm [150].By incorporating phenoxyphenyl and phenylthiophenyl groups in 




respectively [151]. However, the RI of the neat polymers are still insufficient to yield high 
brightness in LED.  
 
Figure 2-1. Ratio of light extractions from GaN LED chip (RI = 2.47) with encapsulant of 
RI varying from 1 to 2.5 compared to without encapsulant where the light is directly 
emitted to air. 
 
Inorganic fillers with high refractive indices are commonly incorporated into the 
polymer to increase the RI of the encapsulant. The size and dispersion of inorganic fillers 
should be carefully controlled in order to fabricate encapsulant with uniform refractive 
index and high transmittance. Loss of transparency in encapsulant can be attributed to light 
scattering by large inorganic domains and RI mismatch between the filler and the polymer 
matrix, as described by Rayleigh scattering [12]. Since transparency improvement by RI 
matching between filler and polymer is not practical for preparation of high-RI composites, 
it is important that the inorganic filler domains are small. It has been reported that light 




the wavelength of the incoming light (400 – 800 nm for visible light) [7]. Recently, a sol-
gel method was used to fabricate Zr-containing siloxane hybrid material with RI of 1.58. 
Although the hybrid material showed higher transparency than commercial silicone-based 
LED encapsulant, the RI was still insufficient [152]. Titanium dioxide (TiO2) has been 
studied as a promising filler material for high RI applications. Epoxy with 30 wt.% of TiO2 
nanoparticles prepared by sol-gel method have been reported to achieve RI of 1.7 at 633 
nm. For RI of 1.8, it is estimates that 60 wt. % of inorganic filler is required [16]. High RI 
(RI = 1.81) TiO2/epoxy composite can be prepared by modifying the nanoparticle surface 
with carboxylic acid and alkyl amines, but mechanical properties at such high filler 
loadings were not reported [153]. Takahashi et al. reported high RI (1.83 at 633 nm) and 
high transparency TiO2/cycloolefin polymer nanocomposites via oleyl phosphate surface 
modification reactions [18]. However, the polymer is limited in its heat distortion 
temperature of 120˚C and is not suitable for LED encapsulation application.  
Here we report two synthesis methods of TiO2 nanoparticles and the optical 
performance of encapsulants prepared using the said TiO2 nanoparticles. The first method 
involves two steps, including hydrothermal synthesis of TiO2 from precursor chemical, and 
subsequent surface modification of the synthesized particles by silane grafting. It was 
observed that the synthesis condition gives high-RI rutile phase of TiO2, but the 
nanoparticle size and dispersion in the silicone matrix were not ideal, leading to low optical 
transparency, albeit high RI, at high filler loadings. Therefore, the second method of one-
pot reaction involving the in-situ surface silanization of TiO2 nanoparticles during 




nanoparticle surface as the particles form, improved nanoparticle size control and 
dispersion in matrix are observed, and highly optically transparent nanocomposite with 
high RI was successfully prepared. 
2.2   Methods 
2.2.1   Materials 
Titanium (IV) isopropoxide (97%) and ethanol were obtained from Sigma Aldrich, 
hydrochloric acid (36.5-38%), toluene, formic acid (88%) and isopropyl alcohol (IPA) 
were obtained from BDH, 7-octenyltrimethoxysilane (95%) was obtained from Gelest. 
Triethylamine was obtained from Alfa Aesar. Deionized (DI) water was produced from a 
Barnstead Smart 2 Pure Water Purification system (Thermo Scientific). The two-parts Dow 
Corning OE6630A-B was used as the polymer matric for the encapsulant. The mixing ratio 
was 4 parts base to 1 part catalyst by weight or volume. All chemicals were used as 
received. 
2.2.2   Two-step, hydrothermal TiO2 preparation 
TiO2 nanoparticles were synthesized by a hydrothermal method. The hydrolysis of 
titanium (IV) isopropoxide in 6 M hydrochloric acid (10 mL deionized water and 10 mL 
concentrated hydrochloric acid) was performed by adding 3 mL of titanium (IV) 
isopropoxide into the acidic solution at a rate of 0.6 mL/min using a syringe pump under 
ambient conditions. After 8-12 hours of stirring and sonication, the reaction mixture was 




autoclave was cooled, the precipitated TiO2 was cleaned and dispersed using water and 
ethanol.  
The synthesized TiO2 nanoparticles were surface-modified with 7-
octenyltrimethoxysilane. The nanoparticles were collected by centrifugation and re-
dispersed in a 95-5 wt. % ethanol-water mixture, which was adjusted to pH 4~5 by formic 
acid. The concentration of nanoparticle in the dispersion was 10% by mass. The amount of 
silane added was equivalent to 1 wt. % of the reaction mixture, and was refluxed at 100ºC 
for 24 hours and cleaned with ethanol. Finally, the cleaned nanoparticles were dispersed in 
toluene by sonication prior the mixing with the silicone resin. 
It was observed that the nanoparticle cleaning process can cause curing issues in 
the silicone-based composites. It was concluded experimentally that the as-synthesized 
TiO2 particles should be cleaned thoroughly to remove residual acids from the synthesis. 
Cleaning should be performed for as many times as necessary until neutral suspensions of 
TiO2 in water were obtained.  
2.2.3   One-step, in-situ surface modified TiO2 preparation 
In order to obtain better dispersion of TiO2 nanoparticles, we modified the synthesis 
procedure reported by Monson et al. [154]. Two reagent vessels were prepared: (a) a 
mixture of isopropanol (IPA) and deionized water at a volume ratio of 400:1, and (b) a 
mixture of IPA, titanium (IV) isopropoxide, 7-octenyltrimethoxysilane, and triethylamine 
at a volume ratio of 100:1:3.38:1.69, respectively. Reagent mixture (a) was dropwise added 




temperature overnight. The reaction mixture was then heated to 80ºC for 2 days. The TiO2 
nanoparticles were collected by centrifugation and re-dispersed in toluene. 
2.2.4   Encapsulant preparation 
The TiO2-toluene suspension was added to the base part of the silicone resin (part 
B) and mixed. Homogeneous mixture was obtained after 3 hours of sonication. Toluene 
was removed from the composite mixture by vacuum evaporation at 60˚C. The curing 
agent (part A) was subsequently added to the mixture and mixed until homogeneous. The 
curing schedule was 150˚C for one hour. The solvent evaporation process should be 
performed at temperatures lower than 70ºC. Although raising the temperature would 
accelerate the solvent removal process, prolonged high-temperature solvent removal 
process would lead to color changes in the composite. 
The encapsulant was coated on a Si substrate for RI characterization, and coated on 
glass slide for transparency characterization. The Si and glass substrates were cleaned with 
solvent rinse (ethanol) and UV-ozone treatment prior to coating. A spin coater was used to 
obtain encapsulant films of uniform thickness. The two-step spinner procedure included 1 
min at 500 rpm and 1 min at 6000 rpm. 
2.2.5   Characterizations 
The dimension of the nanoparticles was determined using transmission electron 
microscopy (TEM) images, which were acquired using a JEOL 100CX TEM. Dispersion 




cured samples of 150 – 170 nm thickness using a diamond blade on a microtome. X-ray 
diffraction (XRD) analysis was performed using Cu Kα radiation (45 kV and 40 mA) on a 
Philips X-pert alpha-diffactometer. Optical transparency of coated samples in the 
wavelength range of 300-800 nm was measured by a Shimadzu Co. UV-2450 UV-vis 
spectrophotometer. Relative transparency was calculated by dividing the transmittance of 
the nanocomposite by the transmittance of the neat silicone control sample at the same 
wavelength. Differential scanning calorimeter (DSC, Q5000, TA Instruments) was used to 
study the curing reaction of nanocomposites. 
The optical properties of composite samples containing hydrothermal TiO2 
nanoparticles were characterized by ellipsometry from 400 to 1,000 nm using a Woollam 
M2000 ellipsometer. Three incident and reflection angles were used: 65˚ to 75˚ at 5˚ 
increments. In ellipsometry, a beam of polarized light is directed at the sample, and the 
reflected light is detected. The change in polarization is characterized by the amplitude 
ratio Ψ and the phase difference Δ, which are used in subsequent model fitting. A three-
layer model is used for the analyses of the composite coatings: silicon, SiO2, and Cauchy 
film (from substrate to coating). The refractive index of the Cauchy film is related to the 
wavelength and optical coefficients by the following equation: 









where A, B, and C are optical coefficients, and λ is the wavelength. Multiple measurements 
were taken for each composite coating sample, and the fitting results from the datasets were 
compared against each other for acceptable differences. 
Reliability test of the TiO2 nanocomposites under thermal cycling test conditions 
and under 90 % relative humidity was carried out according to the JEITA ED-4701/200 
203 standards. The cycles consisted of temperature soaking from 25ºC to 65ºC, to -10ºC, 
and back to 25ºC, totaling 24 hours per cycle (Figure 2-2). Up to 500 hours of reliability 
test was performed on the encapsulant material. The optical transparency and RI of the 
encapsulant were measured before and after the reliability test using the same 
characterization conditions. 
 





2.3   Results and discussion 
2.3.1   Neat silicone resin 
 The silicone resin used in this study is a commercial, high-RI resin. Table 
2-1 lists some of the material properties of the silicone resin. The silicone is designed to 
meet the challenging needs of the LED market, including high purity, high moisture 
resistance, high thermal stability, and most importantly, high optical transparency. It also 
meets processing requirements, such as medium viscosity that is suitable for dispensing 
and molding processes. Silicone also can act as a stress-absorber in the package to reduce 
the thermal cycling stress, thus protect the LED chip and wiring components. 
Table 2-1. Properties of silicone resin (OE-6630) 
Viscosity (mixed) 2,200 mPa-sec 
Heat cure time at 150˚C 60 min 
Non-volatile content 99.8% 
Unprimed adhesion (die shear on Al) 6.7 MPa 
CTE 210 ppm/K 
Refractive index 1.53 
Transparency (450 nm) 99.1 % 
Impurity (Na+) 0.1 ppm 




Table 2-1 continued. 
Impurity (Cl-) 0.5 ppm 
Volume resistivity 1E16 Ω-cm 
 
The optical properties of the neat silicone resin were characterized before 
incorporating any nanoparticle fillers. Figure 2-3 shows the refractive index and 
transmittance of the neat silicone, respectively. At the blue LED emitting wavelength of 
460 nm, the refractive index is 1.55 and the transmittance is 97.8%. Typical silicone resins 
have RI of ~ 1.4. The high RI of OE-6630 silicone is attributed to the phenyl groups in the 
polymer chain (RI = 1.53). 
 





The silicone resin cures via the following hydrosilylation reaction catalyzed by a Pt 
complex (Figure 2-4) [155], [156]: 
 
Figure 2-4. Mechanism of silicone crosslinking reaction. Pt ligands and Si substituents are 
omitted for clarity, and ≡ represents the remaining valence on Si. 
 
In the first step, oxidative addition of ≡Si-H on Pt catalyst takes place, and then H transfer 
on the C=C double bond and reductive elimination of the product follows [157]. The 
overall hydrosilylation addition reaction is (Figure 2-5): 
 
Figure 2-5. Silicone crosslinking by hydrosilylation. Si substituents are omitted for clarity 
and ≡ represents the remaining valence on Si. 
 
Curing conditions for the silicone resin were studied using DSC. It is known that 
the hydrosilulation reaction is associated with a strong exotherm [158]. The neat silicone 
sample showed an exothermic peak with peak onset at 85.45°C, peak just below 100˚C and 
the total enthalpy of reaction 135.6 J/g (Figure 2-6). The curing scan indicate that the 





Figure 2-6. DSC scan of the crosslinking reaction of silicone resin. 
 
2.3.2   Two-step, hydrothermal TiO2 preparation 
Under ambient conditions, TiO2 can exit in three different phases: anatase, brookite, 
and rutile. The RI and band gap for the three phases are listed in Table 2-2. All three phases 
have band gap > 3 eV. The smallest band gap is 3.03 eV of rutile, and the equivalent 
wavelength for band excitation is ~ 409 nm. Therefore, it is reasonable to conclude that 
light absorption in the visible range is minimal for the TiO2 phases. The RI of brookite and 






Table 2-2. RI and band gap of TiO2 phases [159], [160]. 
Crystalline phase RI Band gap (eV) 
Anatase 2.5 3.20 
Brookite 2.7 3.19 
Rutile 2.9 3.03 
 
The crystalline phase of the synthesized nanoparticles was determined using XRD. 
By tuning the synthesis condition, the crystalline phase can be controlled [161]. The XRD 
pattern of as-synthesized TiO2 nanoparticles prepared by the hydrothermal method is 
shown in Figure 2-7. The XRD pattern of rutile phase TiO2 show strong diffraction peaks 
at 27˚, 36˚, and 54˚. The experimentally obtained diffraction peaks agree with the rutile 
phase pattern according to the standard pattern (ICDD PDF #01-072-7374). The rutile 
phase of the synthesized TiO2 can be attributed to the acidic synthesis environment. In the 
reaction mixture, Ti+4 from the titanium isopropoxide precursor coordinate with the 
chloride ions in an octahedral structure. The 6M solution of HCl leads to many Cl- 
coordinating with Ti+4 ion, and the deoxolation between octahedral coordinate structure is 






Figure 2-7. XRD of TiO2 nanoparticles synthesized by hydrothermal method. 
 
Figure 2-8 shows the morphology of the as-synthesized TiO2 nanoparticles. The 
nanoparticles show a size distribution ranging from 10 to 20 nm. It is also observed that 
the dispersion of the nanoparticles was not ideal. Upon mixing with silicone resin, the 
poorly dispersed nanoparticles would result in large agglomerates in the composite, and 
light scattering is expected to occur. The surface energy of TiO2 is about 60 mN/m, while 
the surface energy of cured and solid polydimethylsiloxane is ranges from 15.7 to 24 mN/m 
[162]–[164]. The hydrophobic nature of the silicone matrix is not compatible with the 
hydrophilic TiO2 surface. When TiO2 nanoparticles are added to silicone resin without any 
surface treatments, the incompatible surfaces lead to agglomeration of TiO2 in the polymer 
matrix in order to minimize the exposed nanoparticle surface area and minimize the total 




which is on the same order of the wavelength visible light, and light scattering would result 
in reduced encapsulant transparency.  
 
Figure 2-8. (a) As-synthesized TiO2 nanoparticles dispersed in ethanol. 
 
To make the TiO2 surface more compatible with the silicone resin matrix, surface 
modifications on the nanoparticles is needed to reduce the surface energy of the inorganic 
nanoparticles. More specifically, low-surface energy surfactants consisted of hydrocarbon 
or fluorocarbon chains are preferable. At room temperature, the surface tensions of 
fluorosurfactant aqueous solutions have been reported to range from 14 to 27 mN/m, and 
those of hydrocarbon surfactants range from 20 to 38 mN/m, with longer tail length having 
lower surface energy [165]–[167]. The surface energy difference can be attributed to the 
molecular structures of fluorosurfactant and hydrocarbon surfactants. The low surface 
tension of hydrocarbons stems from the low intermolecular forces (London dispersion and 
van der Waals forces). Compared to hydrogen, fluorine has a larger size, much stronger 
electronegativity, and smaller polarizability, resulting in the very strong C-F bond that 




fluorine gives weak London forces between fluorinated chains, since London forces-
derived energy varies with the square of polarizability [168]. So low cohesive energy and 
low surface tension result [165]. Comparing different functional groups, it is known that 
the surface energy decreases for hydrocarbons and fluorocarbons in the order of CH2 > 
CH3 > CF2 > CF2H > CF3 [169]–[172]. However, although fluorocarbon gives lower 
surface energy than the hydrogenated counterpart, additional considerations present in the 
selection of the surfactant for TiO2 nanoparticle. The RI of the surfactant should be 
considered for the preparation of high-RI encapsulant, and the interfacial adhesion and 
compatibility with the polymer resin should be considered for nanoparticle dispersion. 
Comparing silane molecules with hydrocarbon and fluorocarbon tails of the same carbon 
chain length, it is found that the fluorinated silanes have lower RI of 1.31 – 1.35 whereas 
that of hydrogenated chains have RI of 1.43 – 1.45. Because the RI of fluorosilanes are 
significantly lower than that of hydrogenated silanes, and fluorinated chains have poor 
interactions with the silicone resin, silane with long chain, eight-carbon hydrocarbon 
functional group is selected as the surfactant in the modification of TiO2 nanoparticles in 
this study. More specifically, vinyl-terminated silane is selected in this study because the 
vinyl terminal can participate in the crosslinking reaction of the silicone matrix to improve 
the filler-matrix interactions.  
The vinyl-modified TiO2 nanoparticles can form covalent bonding with the silicone 
resin, thus enhancing the adhesion at the filler-matrix interface. The surface modifier also 
improves the interaction of TiO2 with silicone to help better disperse the nanoparticles in 




after the nanoparticle surfaces were treated with 7-octenyltrimethoxysilane because of 
reduced surface tension of TiO2 nanoparticles and enhanced interfacial interactions with 
the polymer matrix. However, nanoparticles clusters smaller than 50 nm were still 
observed, because stirring and sonication were not able to break up the clusters after they 
form during synthesis. 
 
Figure 2-9. TiO2 nanoparticles after surface treatment with 7-octenyltrimethoxysilane and 
solvent exchange to toluene. 
 
The crosslinking reaction of TiO2-incorporated nanocomposites were studied using 
DSC. It was found that the incorporation of TiO2 nanoparticles does not have significant 
effect on the curing of the encapsulant. The 10 wt.% loading nanocomposite is shown to 
represent the filled nanocomposite samples (Figure 2-10). The curing peak shows the same 
shape as that of the neat resin, and the normalized enthalpy of reaction (124.6 J/g) is also 
close to that of neat silicone resin (136.5 J/g). Therefore, the same curing schedule is used 





Figure 2-10.DSC scans of nanocomposite and neat silicone resin. 
 
The optical properties of nanocomposite with silane-treated TiO2 nanoparticles 
were studied. The filler loadings of the nanocomposites range from 5 to 30 wt.%. Figure 
2-11 shows the refractive indices of the nanocomposites as a function of wavelength from 
400 to 1,000 nm. It is clear that the refractive index of the encapsulant film increases with 
the amount of incorporated TiO2 nanoparticles. The refractive indices of the encapsulants 
at the blue LED wavelength of 460 nm is summarized in Table 2-3. Increasing the filler 
loading from 0 to 30 wt.%, the refractive index was increased by nearly 0.25, equivalent to 
a 16% enhancement compared to the neat silicone. Using LEE ratio as defined by Mont et 
al. and discussed earlier [173], the large enhancement in refractive index is expected to 
give four times the improvement in LEE ratio for GaN LED with refractive index of 2.5 




typical encapsulants (RI = 1.4-1.5), the nanocomposite with n = 1.806 is expected to double 
the LEE ratio. 
 
Figure 2-11. Refractive indices as a function of incident light wavelength for TiO2 





Table 2-3. Refractive indices of TiO2 nanocomposites at 460nm. Relative RI was obtained 
by taking the ratio of the RI of the composite to that of the neat silicone resin (OE 6630). 
Sample RI Relative RI (%) 
OE6630 1.559 - 
5% TiO2 1.596 102 
10% TiO2 1.630 105 
15% TiO2 1.679 108 
20% TiO2 1.732 111 
25% TiO2 1.764 113 
30% TiO2 1.806 116 
 
The optical transparency of the nanocomposites in the wavelength region from 400 
to 800 nm were characterized using encapsulant-coated glass slides (Figure 2-12). The 
nanocomposite containing 5 wt.% TiO2 exhibit > 80% transparency. However, the rest of 
encapsulants, containing 10-30 wt.% of TiO2, showed unsatisfactory optical transmittance 
results. The transmittance at 460 nm is 53.3% at 10 wt.% filler loading, and below 20% at 
higher filler loadings. Considering that the nanocomposite is designed as an optical 
encapsulant, light transmittance is of great significant for its application. Therefore, the 




1.65. Compared to the initial RI of 1.56 of neat silicone resin, the increased RI improves 
the LEE ratio from ~2.6 to nearly 3.  
 
Figure 2-12. Optical transmittance results of TiO2 nanocomposites containing 0-30 wt.% 





Table 2-4. Optical transmittance of TiO2 nanocomposites at 460nm. Relative transmittance 
was obtained by taking the transmittance ratio of the composite to the reference (OE6630). 
Sample Transmittance (%) Relative transmittance (%) 
OE6630 97.8 - 
5% TiO2 89.4 91.4 
10% TiO2 53.3 54.5 
15% TiO2 17.6 18.0 
20% TiO2 11.4 11.7 
25% TiO2 3.7 3.8 
30% TiO2 3.2 3.3 
Coatings of the nanocomposites were tested for reliability by thermal cycling under 
high moisture environment (90-96 R.H.). The temperature cycled between 65°C and -10°C 
for 500 hours. The changes in transparency and RI after the reliability test were monitored. 
The 15 – 30 wt.% loaded encapsulants are not reported here due to their low initial 
transmittance. The reliability test results are shown in Figure 2-13 and Table 2-5. The 
reference sample (0% loading) showed negligible change in RI at 460 nm, and the 5 wt.% 
and 10wt.% loaded samples showed ≤ 2% decrease in RI after the reliability test. Figure 
2-14 shows that the largest decrease in transmittance after reliability test was below 2%. 
Reliability test results suggest that the incorporation of TiO2 nanoparticles into silicone 





Figure 2-13. Refractive indices of the composites before and after 500 hours of reliability 
test. 
 
Table 2-5. Refractive indices of TiO2 nanocomposites at 460 nm. Relative RI was obtained 
by taking the ratio of the RI of the composite to that of the reference. 
Loading Sample RI Relative RI (%) RI change (%) 
0% As prepared 1.54 100.0 0 
500h reliability test 1.54 100.0 
5% TiO2 As prepared 1.59 103.2 - 2.0 
500h reliability test 1.56 101.2 
10% TiO2 As prepared 1.63 105.8 - 1.3 






Figure 2-14. Transmittance of TiO2 nanocomposites before and after 500 hours of 
reliability test. 
 
Table 2-6. Optical transmittance of TiO2 composites at 460 nm. Relative transmittance was 
obtained by taking the ratio of the RI of the composite to that of the reference. 
Loading Sample Transmittance Relative T (%) T change (%) 
0% As prepared 97.3 100.0 - 0.5 
500h reliability test 96.8 99.5 
5% TiO2 As prepared 89.3 91.7 - 1.7 
500h reliability test 87.6 90.0 
10% TiO2 As prepared 53.9 55.4 - 1.2 





We show that the incorporation of TiO2 nanoparticles into silicone resin increases 
the RI of the composite. The reason is attributed to the high RI of rutile phase TiO2 
synthesized in the hydrothermal reaction. However, the optical transparency remains a 
challenge especially for highly loaded nanocomposites. It is suspected that nanoparticle 
dispersion is the reason for the low transmittance at high filler loadings. Imperfect 
dispersion of nanoparticles leads to agglomerations that easily scatter light and reduce 
transmittance. Results suggest filler size and dispersion control is not ideal. The current 
TiO2 preparation method has separate synthesis and surface modification steps, and 
nanoparticles can easily agglomerate after being synthesized and before surfactant 
treatment. Therefore, we propose to improve the size control and filler dispersion by 
combining the synthesis and surface modification steps. The results will be presented in 
the next section. 
2.3.3   One-step TiO2 preparation with in-situ surface functionalization 
 We used an alternative synthesis method where surface functionalization is 
performed during synthesis, thus “in-situ” functionalized. The same surfactant molecule 
(7-octenyltrimethoxysilane) as in the two-step method is used here. The synthesis condition 
is modified in two ways: 1) continuous stirring to prevent particle settling and agglomerate 
formation, and 2) low Ti+4 precursor concentration for slow nanoparticle growth. The 





 The synthesized nanoparticles were characterized using XRD and TEM to 
determine their crystalline phase, and size distribution and dispersion, respectively. The 
nanoparticles are mainly brookite TiO2, with observed diffraction peaks at 25˚, 31˚ and 36˚ 
matching those assigned to the brookite phase of TiO2 (ICDD PDF #00-016-0617) (Figure 
2-15). Although the RI of brookite TiO2 is lower than that of the rutile phase by 0.2 at 589 
nm, the difference is relatively small and it is possible to compensate for the lower filler 
RI with higher transparency. Indeed, TEM observations show that the synthesized TiO2 
nanoparticles are both smaller and better dispersed than those prepared using the two-step 
method (Figure 2-16). The nanoparticles are ~ 10 nm in diameter, which is much smaller 
than the wavelength of the LED light, thus minimizing light scattering. In comparison, the 
method discussed earlier produced TiO2 nanoparticles of 10 – 20 nm. The smaller particle 
size helps to minimize Rayleigh scatting, and improved nanoparticle dispersion helps to 








Figure 2-15. XRD pattern of TiO2 synthesized using the in-situ surface modification 
method. 
 
Figure 2-16. TEM image of synthesized TiO2 dispersed in toluene. 
 
After the TiO2 nanoparticles were added to silicone resin, the curing behavior of 
the nanocomposite was examined using DSC. The curing profile of 10 wt.%-filled 
nanocomposite suggest that the incorporation of TiO2 fillers does not significantly affect 
the curing reaction of the polymer matrix (Figure 2-17), and the same curing schedule as 






Figure 2-17. DSC curing profile of nanocomposite with 10 wt.% of in-situ synthesized 
TiO2. 
 
Nanocomposite coatings on Si substrates were characterized for RI using 
ellipsometry. Because the synthesis method uses low precursor concentration in the 
reaction mixture, TiO2 yield was lower than that for the two-step synthesis method, and the 
filler loading level was limited to 10 wt. %. The RI of nanocomposite with 5 wt.% filler is 
1.63 at 460 nm, and continues to increase with increasing filler loading. The encapsulant 
material with a 10 wt.% filler loading further improved the RI up to 1.71, which is about 
10% increase compared to the silicone resin (RI = 1.56) (Figure 2-18 and Table 2-7). In 
LED packages using GaN LED (RI = 2.5), LEE ratio is expected to increase by more than 






Figure 2-18. Refractive indices for TiO2 nanocomposites containing 0 – 10 wt.% TiO2 in 
the wavelength range of 400 – 1,000 nm. 
 
Table 2-7. Refractive indices at 460 nm for nanocomposites with 0 – 10 wt.% TiO2. 
Sample RI Relative RI (%) 
OE6630 1.56 - 
5% TiO2 1.63 106 
10% TiO2 1.71 110 
 
Using the in-situ surfactant modification method that gives well-dispersed 
nanoparticles of smaller diameter, highly transparent nanocomposite material can be 
prepared. Figure 2-19 shows the optical transmittance of the encapsulant material in the 
wavelength rage of 300 – 800 nm and Table 2-8 summarizes the transmittance at of our 




nanocomposites showed > 87% transmittance in the visible spectrum range, which is 
equivalent to 90% relative transmittance. Compared to the encapsulants prepared with two-
step synthesized TiO2, the nanoparticles fabricated with the in-situ method are better 
dispersed in the matrix and can greatly reduce the change of Rayleigh scattering. Therefore, 
optical transmittance is improved. Because the material is highly transparent, it is suitable 
as a LED encapsulation material. 
 






Table 2-8. Optical transmittance of TiO2 composites at 460 nm. Relative transmittance was 
obtained by taking the ratio of the RI of the composite to that of the reference. 
Sample Transmittance (%) Relative transmittance (%) 
OE6630 97.3 - 
5% TiO2 96.8 99 
10% TiO2 87.6 90 
 
The encapsulants were subjected to accelerated reliability test with the same test 
conditions as previously described. It was found that the optical transparency of the 
material was hardly affected by the reliability test, with < 2% change measured at 460 nm 
(Figure 2-20 and Table 2-9). For RI, the nanocomposite material showed a < 1.5% decrease 
after the temperature-humidity test (Figure 2-21 and Table 2-10). The results of reliability 
test suggest that the TiO2 – silicone nanocomposites have long-term stability in their optical 






Figure 2-20. Optical transmittance of TiO2 nanocomposites. 
 
Table 2-9. Optical transmittance of TiO2 composites at 460 nm. Relative transmittance was 
obtained by taking the ratio of the RI of the composite to that of the reference. 
Loading Sample Transmittance Relative T (%) T change (%) 
0% As prepared 97.3 100.0 - 0.5 
500h reliability test 96.8 99.5 
5% TiO2 As prepared 96.8 99.4 - 0.3 
500h reliability test 96.5 99.1 
10% TiO2 As prepared 87.6 90.0 - 1.9 






Figure 2-21. Refractive index of nanocomposites. 
 
Table 2-10. Refractive indices of TiO2 nanocomposites at 460 nm. Relative RI was 
obtained by taking the ratio of the RI of the composite to that of the reference. 
Loading Sample RI Relative RI (%) RI change (%) 
0% As prepared 1.54 100.0 0 
500h reliability test 1.54 100.0 
5% TiO2 As prepared 1.63 105.8 - 1.3 
500h reliability test 1.61 104.5 
10% TiO2 As prepared 1.71 110.4 0 





2.4   Conclusion 
 TiO2 nanoparticles were synthesized using two methods. In the first method with 
two steps, hydrothermal reaction of Ti+4 precursor gave rutile TiO2 nanoparticles of 10 – 
20 nm diameter, and the particles were surface modified with silane surfactant in a 
subsequent reaction. In the second method where TiO2 nanoparticle synthesis and surface 
treatments were carried out simultaneously, smaller particles (10 nm) of brookite phase 
and with improved particle dispersion were fabricated. Encapsulants were prepared by 
incorporating the synthesized TiO2 nanoparticles into silicone resin. With the well-
dispersed TiO2 in silicone, > 90% optical transparency was achieved at the GaN LED 
emission wavelength of 460 nm, and the RI of encapsulant reached 1.73, which is expected 
to improve light extraction efficiency of LED packages by threefold. Furthermore, the 
nanocomposites showed good reliability under high humidity temperature cycling 
conditions. This study reports the effect of filler preparation on the performance of 
nanocomposites, and the highly transparent and high-RI encapsulant material reported here 






CHAPTER 3.   ENHANCED FILLER-MATRIX INTERPHASE 
PROPERTIES VIA TWO-LAYER FILLER SURFACE 
MODIFICATION 
3.1   Introduction 
Epoxy-based composites are widely used as encapsulants, adhesives, and interface 
materials in electronic packages, for epoxy offers a number of material advantages in the 
areas of superior adhesion, processability, mechanical and electrical properties, and low 
cost [174]–[176]. Spherical silica particles are often incorporated into epoxy resin for 
enhanced rheological control, fracture resistance, dimensional stability, and 
thermomechanical compatibility with the package structure [177]–[180]. As package size 
shrinks with the trend of microelectronic miniaturization and multi-functionalization, the 
dimension of the silica particles used in the epoxy composites are also required to shrink 
in order for the composite to flow into smaller gaps [110], [181], [182]. 
Compared to the introduction of micro-size fillers into polymer resins, the 
introduction of nanoparticle fillers results in several orders of magnitude increase in the 
filler-matrix interfacial area in the composite, and the effect of filler-matrix interphase 
properties on the bulk material properties of the nanocomposite is dramatically amplified 
[63], [183], [184]. Because of the large volume of interphase region in nanocomposites, 
the attractive or repulsive interactions between filler and polymer chains can have a 




viscosity, mechanical properties, and shelf life [68], [79], [80], [185]. Specifically, 
attractive interactions at the filler-matrix interface can lead to large positive Tg deviation 
in nanocomposites relative to the bulk polymer by chain immobilization in the interphase, 
and repulsive interactions result in free surfaces and result in negative Tg deviations [186], 
[187]. When attractive filler-matrix interactions are present, the polymer chains in contact 
with the filler surface are partially immobilized in the interphase region, leading to changes 
in mechanical properties, such as reduced thermal expansion and increased modulus [69]. 
Furthermore, because cracks often propagate along weakly interacting filler-matrix 
interfaces, surface-treated fillers have shown to enhance the yield stress, fracture energy 
release rate, and strain energy of polymer composites when the interfacial interactions are 
improved [188]–[190]. 
In this study, well-controlled filler-matrix interphase and additional functionality 
of improved composite toughness are demonstrated via a two-layer silica filler surface 
modification method. The inner layer of reactive silane molecules serve as the coupling 
agent for the grafting of the outer polydimehylsiloxane (PDMS) layer (Figure 3-1), and the 
soft segment-containing outer layer acts as a toughening agent while also increasing the 
volume of the interphase. Surface wetting properties and chemical analyses show the 
successful surface modifications on the silica surface, and the silica fillers are well-
dispersed as show by light scattering and transmissions electron microscopy (TEM) results. 
The silica fillers were introduced to epoxy resin to fabricate epoxy nanocomposites with 




thermomechanical properties of the nanocomposites including curing behavior, Tg, and 
thermal expansion are studied, and fracture and toughness behaviors are investigated. 
 
Figure 3-1. Reaction of epoxy-terminated silane and amine-terminated PDMS. 
 
3.2   Method  
Epoxy resins 3,4-epoxy cyclohexylmethyl- 3,4-epoxy cyclohexyl carboxylate 
(ERL-4221E) and diglycidyl ether of bispenol A (Epon 828) were obtained from Synasia 
and Shell Chemicals, respectively. Curing agent hexahydro-4-methylphthalic anhydride 
(HMPA, Lindride 52D) was obtained from Lindau Chemicals, and curing catalyst 1- 
cyanoethyl-2-ethyl-4-methylimidazole was obtained from Sigma-Aldrich. Silica 




Japan. (3-glycidyloxypropyl)trimethoxysilane  (GPTS, 98%) was obtained from Sigma-
Aldrich, and aminopropyl-terminated polydimethylsiloxane (PDMS, molecular weight 
850-900) was obtained from Gelest. Deionized (DI) water was produced from a Barnstead 
Smart 2 Pure Water Purification system (Thermo Scientific). Ethanol (Sigma Aldrich), 
formic acid (88%, BDH), acetone (BDH), isopropanol (BDH), hydrogen peroxide (30 % 
w/w, VWR), and sulfuric acid (96%, J. T. Baker) were used as received. 
GPTS is grafted onto the surface of silica using a method modified from elsewhere 
[191]. In a typical process, 10 g silica powder was dispersed in a 100 g mixture containing 
95% ethanol and 5% water by stirring and sonication. 0.50g of GPTS was added to the 
dispersion and the solution was adjusted to pH 4-5 by formic acid. The dispersion was 
refluxed at 100˚C for 24 hours, and GPTS-silica nanoparticles were rinsed three times with 
ethanol. The PDMS grafting reaction is modified from a method reported elsewhere [192]. 
Briefly, 10 g GPTS-silica is dispersed in 100 g ethanol, and 2 g of PDMS was added to the 
dispersion. The mixture was refluxed at 100˚C for 24 hours, and reacted silica was rinse 
three times with ethanol and dispersed in acetone prior to mixing with the epoxy resin. 
Epoxy resins ERL-4221E and Epon 828 were mixed at 1:1 molar ratio by 
equivalent epoxide weight. Silica dispersion in acetone was added to the epoxy resin at the 
desired filler loading level and mixed by stirring and sonication, and acetone was removed 
by vacuum at elevated temperature. Curing agent was added to the mixture at the ratio of 
1:0.88 weight ratio of epoxy:curing agent. Curing catalyst was added to the mixture at the 
ratio of 1% by weight to the mixed epoxy-curing agent resin mixture. The nanocomposite 




Thermal-oxidized silicon wafers were used for x-ray photoelectron spectroscopy 
(XPS) and contact angle characterizations. (100) silicon wafers were thermally oxidized to 
produced silicon dioxide on the surface, and were cleaned by acetone, isopropanol, and 
dried with nitrogen. The wafers were subsequently cleaned in Piranha solution (1:3 volume 
ratio of H2O2 and H2SO4 at 120˚C for 10 min to remove organic residues, and rinsed with 
water and dried with nitrogen. Si wafers were immersed for one day at 85˚C in an ethanol-
water solution containing the same concentration of GPTS and formic acid as used in the 
particle treatment, and were subsequently immersed for one day at 85˚C in ethanol solution 
containing the same concentration of PDMS as used in the particle treatment. Surface-
treated wafers were cleaned with ethanol. 
The chemical states on the sample surfaces were analyzed using x-ray 
photoelectron spectroscopy (XPS, Thermo K- Alpha) using the monochromic Al Kα line 
with photon energy of 1486.6 eV. Reaction heats were analyzed using differential scanning 
calorimetry (Q2000 DSC, TA Instruments) in nitrogen atmosphere. A dynamic DSC 
procedure with about 10 mg sample and a ramping rate of 10˚C/min under nitrogen 
atmosphere was used. DSC Tg were measured using modulated mode, with modulation 
amplitude of 1˚C and modulation period of 30 sec. The reversible heat signal was used for 
Tg analyses. Water and epoxy contact angles were measured using a contact angle 
measurement system equipped with a Rame-Hart goniometer and a built-in CCD camera. 
The test liquid size was 2 µL. A Hitachi HT7700 TEM was used to characterize filler 
dispersion. Silica fillers were dispersed in solvent using sonication, and then the dispersion 




Instruments, Nano ZS) was used to measure size distribution of silica fillers in solvent. A 
thermogravimetric analyzer (Q5000 TGA, TA Instruments) was used to measure mass loss 
and filler loading under nitrogen atmosphere. Ramping rate of 10˚C/min and sample size 
of about 10 mg were used. Glass transition temperatures of cured underfill samples were 
characterized using a dynamic mechanical analyzer (Q800 DMA, TA Instruments) with 
the single-cantilever bending mode, a ramping rate of 3˚C/min, and 1 Hz under air 
atmosphere. The peak temperature of tan delta curve was taken as the DMA Tg temperature. 
A thermomechanical analyzer (Q400 TMA, TA Instruments) was used to measure the 
volume expansion of the nanocomposites using a quartz expansion probe. Cured 
nanocomposites were polished to ~ 1 mm thickness, and within 0.1 mm thickness 
difference across the sample surface. Samples were heated from 35 to 250°C at 5°C/min 
under nitrogen atmosphere and 0.050 N force. and the coefficients of thermal expansion 
(CTE) were obtained from the slope of the expansion curves below the glass transition 
region. Scanning electron microscopy (SEM) images were obtained using a Hitachi 
SU8010 FE-SEM using an acceleration voltage of 5 kV. Nanocomposite samples were 
gold-sputtered prior to SEM analyses. Nanocomposite samples were gold-sputtered prior 
to SEM analyses. Naonindentation (Hysitron TriboIndenter) with a Berkovich diamond 
probe was used to characterize the response of nanocomposites under mechanical stress. 
The loading function is a trapezoid function with 10 s holding at the maximum load of 1 
N. Flat nanocomposite samples were polished with 800 grit and 1200 grit SiC sanding 
papers and 0.05 µm aAl2O3 slurry prior to indentation tests. 




3.3.1   Nanoparticle surface modifications 
The validity of the two-step surface modification reaction was examined using 
DSC, and the reactions were confirmed with contact angle, TGA, and XPS analyses. The 
reaction between silica and GPTS is well-understood [110]. The surface of silica 
nanoparticles is covered with abundant silanol groups [91], [193], which is used as the 
reactive site for grafting GPTS via dehydration reaction. The monolayer of GPTS on 
nanosilica surface lead to exposed epoxide groups, allowing for reaction with PDMS. 
Dynamic DSC scans show an exothermic peak onset at 83˚C and peak at 125˚C 
corresponding to the PDMS grafting reaction (Figure 3-2). The surface wettability of 
untreated and surface-modified oxidized silicon wafers were examined by contact angle 
measurements using water and epoxy liquids (Figure 3-3). Cleaned silicon dioxide surface 
has many silanol groups and is very hydrophilic, exhibiting water contact angle of 8.0˚ ± 
5.3˚. Due to the hydrocarbon chain and an epoxide end-group in GPTS, and methyl-
substituted polysiloxane chain in PDMS, water contact angle increased after surface 
silanization and subsequent PDMS grafting to 48.0˚ ± 0.8˚ and 66.8˚ ± 0.6˚, respectively. 
The PDMS chain is even more hydrophobic than GPTS, and therefore, PDMS-grafting 
lead to an even higher contact angle. On the other hand, epoxy contact angles on silicon 
oxide show a different trend. Clean silicon dioxide surface showed an epoxy contact angle 
of 32.7˚ ± 3.9˚. Moderate epoxy wettability was observed on silanized and PDMS-grafted 
silicon dioxide surfaces, which exhibited epoxy contact angles of 29.5˚ ± 3.9˚ and 34.7˚ ± 
3.4˚, respectively. Surface wettability difference is further supported by TGA results. 




show different weight loss behaviors of nanosilicas (Figure 3-4). Compared with surface-
modified nanosilica, untreated nanosilica is most hydrophilic and absorbs the most amount 
of moisture when stored in ambient environment, leading to the highest weight loss below 
200˚C. Consistent with contact angle measurements, the PDMS-grafted nanosilica showed 
the smallest weight loss in the moisture loss region (< 200˚C). The residue weights at 900˚C 
suggest that grafted GPTS contribute to 0.79% of total weight, and grafted PDMS 
contribute to 0.60% of total sample weight. 
 









Figure 3-3. (a) Water and epoxy contact angles on silica surfaces. Contact angle images of 
water on (b) silica, (c) GPTS-silica, and (d) PDMS-silica, and of epoxy on (e) silica, (f) 
GPTS-silica, and (g) PDMS-silica. 
 
Figure 3-4. TGA scan of pristine silica fillers and surface modified silica fillers. 
 
XPS technique is commonly used to characterize the chemical composition of 
surfaces. Here, we use XPS to study the chemical groups present on the different silica 
surfaces, and spectra of pristine, GPTS-grafted, and PDMS-grafted silica are shown in 
Figure 3-5. The C1s spectrum of pristine silica is dominated by the C-C/C-H peak at 285.0 
eV. After GPTS grafting reaction, the area of C-O peak at 286.9 eV significantly increased 
due to the epoxide group and ether linkages in GPTS. C1s core level XPS on the PDMS-
grafted surface also show the peaks corresponding to the same functional groups (C-C/C-
H at 285.0 eV, and C-O at 286.9 eV), with an additional C-N peak at 286.1 eV [194], [195]. 
The area ratio of C-O peak to total C peak decreased from 56% to 12% due to the absence 




GPTS-grafted silica are free of nitrogen. Because the PDMS use in this study is amine-
terminated, N1s core level XPS spectra show the fingerprint C-NH2 peak at 400.0 eV after 
the PDMS is grafted onto GPTS-reacted silica. (Figure 3-5d-f). 
 
Figure 3-5. XPS C1s spectra of (a) silica, (b) GPTS-grafted silica, and (c) PDMS-grafted 
silica, and XPS N1s spectra of (d) silica, (e) GPTS-grafted silica, and (f) PDMS-grafted 
silica. 
 
DLS technique and TEM were used to examine the dispersibility of surface-
modified silica nanoparticles. Although the silica nanoparticles are of the size 100-200 nm 
in diameter, untreated silica nanoparticles are prone to aggregate into clusters larger than 2 
µm in diameter (Figure 3-6a, d). The formation of micron-size aggregates can be attributed 




wetting with epoxy or acetone. Moreover, the silanol groups allow silica nanoparticles to 
form hydrogen bonding with each other. When pristine silica is added to acetone, the 
solvent used here, the combined effects of moderate solvent wetting to silica and hydrogen 
bonding between silica result in cluster formation as to minimize surface exposure to the 
solvent. The introduction of GPTS groups on silica allows silica and solvent to engage in 
interfacial dipole-dipole interactions, thus enhancing nanoparticle dispersibility. DLS 
result shows that the average size of GPTS-silica is 157 nm diameter, a narrower size 
distribution is obtained when compared to that of pristine silica, and no large aggregate is 
found (Figure 3-6b). TEM observation also supports the conclusion derived from DLS 
(Figure 3-6e). The short polysiloxane chain of PDMS and the amine terminals allow us to 
achieve good nanoparticle dispersibility. DLS analysis show a slightly increased average 
size of 184 nm, and TEM observations also suggest good particle dispersion in solvent 





Figure 3-6. DLS particle size distributions of (a) silica, (b) GPTS-grafted silica, and (c) 
PDMS-grafted silica, and TEM images of (d) silica, (e) GPTS-grafted silica, and (f) 
PDMS-grafted silica.  
 
3.3.2   Nanocomposites: thermal and thermomechanical properties 
The effect of PDMS grafting on the curing, glass transition, thermomechanical, and 
fracture resistance properties of epoxy nanocomposites are studied. The curing profiles of 
neat epoxy resin and nanocomposites incorporating GPTS- and PDMS-grafted silica fillers 
are shown in Figure 3-7a-c. Curing and thermomechanical properties are summarized in 
Table 3-1. Comparing the different profiles, it is clear that the curing peak temperature is 
maintained with addition of surface-modified fillers. Although all samples showed an 




nanocomposite samples slightly decreased when compared to that of neat epoxy resin, and 
the difference among samples with different filler loadings is insignificant. ΔHcuring in neat 
epoxy resin is 328.3 ± 7.0 J/g, and the that of nanocomposites normalized by filler loading 
is 296.6 ± 11.7 J/g. ΔHcuring in nanocomposites can be attributed to reduced polymer chain 
mobility by the addition of silica fillers. Because polymer chains are localized by both filler 
particles and reacted polymers in the 3D space, some functional groups are left unreacted, 
contributing to the lower total enthalpy of curing. 
 
Figure 3-7. DSC scans of curing reactions of epoxy and of nanocomposites with (a) 10 
















Heat of curing 
(J/g) 
tan δ Tg 
(˚C) 
CTE below Tg 
(ppm/K) 
 0 150.24 328.30 172.60 64.89 
Pristine 
silica 
10 149.56 315.11 174.89 61.46 
20 151.31 285.63 166.31 56.73 
30 152.56 280.86 141.11 47.09 
GPTS-
silica 
10 151.41 292.44 182.80 61.44 
20 151.31 297.38 177.20 55.72 
30 151.73 295.00 169.18 47.38 
PDMS-
silica 
10 151.22 290.63 185.08 52.64 
20 149.40 307.78 189.61 47.06 
30 154.41 303.00 182.65 41.33 
 
The viscoelastic properties of the cured silica-filled nanocomposites were 
characterized using DMA. Storage moduli of 10 wt.%- filled nanocomposites are shown 
in Figure 3-8a. The modulus of cured epoxy at 50˚C is 1450 MPa. With added silica, the 
modulus increases to 2000 – 2700 MPa. The nanocomposite with 10 wt.% untreated silica 




modulus increases to ~ 2750 MPa. Compared to the pristine silica case, the increased 
modulus is attributed to larger surface area from uniform filler dispersion, and the 
improved interface that partially immobilized polymer chains. The load transfer to the stiff 
silica fillers becomes more efficient, leading to higher modulus [196]. In the PDMS-silica 
case, the modulus of 10 wt.% filled nanocomposite lies between those corresponding to 
untreated and GPTS-treated fillers. This observation is attributed to the soft segments in 
PDMS. 
The viscoelastic properties of the cured silica-filled nanocomposites were 
characterized using DMA. Figure 3-8b shows the changes of loss factor (tan δ) curves as a 
function of temperature in the range of 40 to 200˚C for the cured neat epoxy resin and the 
10 wt.%-filled nanocomposites incorporating silica fillers with different surfaces. The loss 
factor, also commonly called tan δ, is the ratio of loss modulus to storage modulus, and 
peak temperature is commonly accepted as one method of determining Tg. Above Tg, the 
mobility of polymer chains is increased, and bulk material properties such as storage 
modulus, heat capacity, and CTE are changed dramatically compared to those in the glassy 
state. As shown in Figure 3-8b, the tan δ peaks of neat epoxy and the 10 wt.% pristine 
silica-filled nanocomposite are close to each other, and are lower than those of composite 
containing 10 wt.% surface-modified silica. The highest Tg is found at 185.08˚C for the 
PDMS-silica nanocomposite, and is about 2.2˚C and 12.5˚C higher than that of GPTS-







Figure 3-8. (a) Storage moduli of 10 wt.%- filled nanocomposites, (b) DMA tan δ curves 
of nanocomposites filled with 10 wt.% of differently treated silica fillers, and (c) tan δ peak 
temperatures for nanocomposites with 10-30 wt.% filler loadings. 
 
The effect of filler loading in nanocomposites with different silica surfaces on 
composite Tg is shown in Figure 3-8c. It is clear that different filler surfaces result in very 
different Tg behaviors, and the filler types are ranked PDMS-silica, GPTS-silica, and 
pristine silica in the order of high to low Tg. PDMS-silica has a positive reinforcing effect 
on the epoxy composite for all the loading levels examined, with the maximum Tg 
enhancement of about 17˚C higher than that of neat epoxy at 20 wt.% loading. GPTS-silica 
also shows a positive effect on Tg enhancement at the initial 10 wt.% loading. However, 
the Tg enhancement effect is reduced with additional loading, and at 30 wt.% loading, Tg 
is lower than that of neat epoxy by about 3 ˚C. The Tg trend of pristine silica-composites 
suggest that the filler has a negative effect on Tg; all but the 10 wt.% loading sample exhibit 




monotonically with filler loading. Tg of thermosetting polymer networks can be affected 
by a number of factors, such as monomer molecular and polymer network structures, 
crosslinking density, free volume, and filler-matrix interactions. In the present study, the 
surface of silica nanofillers are modified, and the changes in the observed material 
properties will be explained in terms of the effect of filler surface chemistry. 
It has been reported that the Tg of nanocomposites can exhibit large deviation from 
that of bulk polymer, and that Tg increases when attractive filler-polymer interactions occur 
and decreases when poor interface result in free surfaces [66]. Because the filler-matrix 
interphase thickness is independent of filler size, the impact is particularly important with 
nanosized fillers due to the large surface area-volume ratio [75]. In our study, the observed 
trend in Tg can be explained by the reactions of functional groups on the silica surfaces, 
and the reaction availability of epoxy and anhydride hardener in the resin. The silanol 
groups on the surface of pristine silica and the amine groups on the PDMS-silica both can 
act as nucleophiles in the nucleophilic addition reactions with epoxide or anhydride, and 








Figure 3-9. Nucleophilic addition reaction of the amine nitrogen with the anhydride ring. 
 
 
Figure 3-10. Nucleophilic addition reaction of the amine nitrogen with the epoxide ring 




















Figure 3-14. Dehydration reaction of silanol with hydroxyl in the opened anhydride ring. 
 
However, the silanol group has weaker nucleophilicity due to the stronger 
electronegativity of the oxygen atom, and is also more polar and less compatible with the 
epoxy segments in the resin [114]. Therefore, the bonding interactions of PDMS-silica to 




to the epoxy matrix result in physical immobilization of the polymer chain in local region 
surrounding the filler particle, resulting in a higher Tg. In the PDMS-silica case, Tg is 
slightly increased from the 10 to 20 wt.% loading samples, in agreement with the expected 
improved interphase. In the 30 wt.% sample, it is suspected that the Tg reduction is resulted 
from the large amount of low-Tg PDMS in the nanocomposite. 
The epoxide groups on GPTS-silica can react with the epoxy resin in two ways, 
with imidazole catalyst or the hydroxyl in the opened anhydride rings, as shown in the 
reaction schemes below (Figure 3-15 and Figure 3-16): 
 
Figure 3-15. Nucleophilic addition reaction of the pyridine nitrogen in imidazole with the 
epoxide ring in GPTS. For simplicity reasons, the structure of imidazole catalyst is 
shortened with R = 2-cyanoethyl and GPTS is shown in its unhydrolyzed form and not 






Figure 3-16. Nucleophilic addition reaction of the hydroxyl in opened anhydride ring with 
the epoxide ring in GPTS. For simplicity reasons, the structure of imidazole catalyst is 
shortened with R = 2-cyanoethyl and GPTS is shown in its unhydrolyzed form and not 
attached to silica. 
 
It should be noted that the anhydride hardener is more volatile than the epoxy resin, as 





Figure 3-17. Dynamic TGA scans of HMPA and epoxy showing the higher volatility of 
HMPA. 
 
The epoxy resin system is formulated to contain equimolar amounts of reactive epoxide 
and anhydride, and the loss of anhydride during curing process would lead to residual 
unreacted epoxide groups in the system. The epoxide groups on GPTS-silica surfaces 
contribute to further stoichiometric imbalance in the ratio of reactive epoxide group to 
anhydride group in the nanocomposite system, contributing to less perfect interphase 
region and fewer crosslinking sites in the epoxy resin matrix, leading to lower Tg [197]. 
In addition to weaker reactivity of its silanol groups than amino groups as discussed 
earlier, pristine silica fillers also contribute to low composite Tg by filler agglomeration 
(Figure 3-6a and d). When filler particles agglomerate, their interphase regions overlap and 
result in a reduced interphase volume in the composite, and less polymer chains is 
immobilized, leading to lower Tg [81]. In both pristine silica and GPTS-silica 




nanocomposite becomes more pronounced as filler loading increases because the total 
volume of the interphase region increases, which is in agreement with the experimental 
results for pristine silica and GPTS-silica composites. 
The effect of filler surface modifications on the bulk properties of the 
nanocomposites is also examined with thermal expansion behaviors. The coefficient of 
thermal expansion (CTE) of composite materials not only provides information on the 
filler-matrix interphase, but is also an important parameter in the application of underfill 
for electronic package reliability. The CTE of cured epoxy resin below glass transition 
temperature is 64.9 ppm/K.  With addition of low-CTE silica fillers (0.5 ppm/K), CTE of 
nanocomposite decreases accordingly, and can be modeled by rule of mixture, Turner, and 
Schapery models, which are detailed below. In the Reuss model, uniform stress in the 
composite is assume, and a simple rule of mixture can be used [198]. 
 𝛼 = 𝜙,𝛼, + 𝜙5𝛼5 (10) 
where α is CTE of the composite, αi and ϕi are CTE and volume fraction of phase i, 
respectively, and subscript i denotes the matrix or the filler phase. In this model, only the 
CTE of the individual phases are accounted for. 










where Ki is the bulk modulus of phase i. Turner model assumes uniform strain throughout 
the composite, so the modulus of the individual phases is used in the equation. In this 
model, the high modulus of silica fillers contributes to reduction of CTE. 
In the Schapery model [200], elastic energy principles are taken into account [201], 
and an upper and a lower bound of CTE are developed using the shear moduli of the phases: 
 
𝛼t = 𝛼, +
𝐾5
𝐾j
𝐾, − 𝐾j 𝛼5 − 𝛼,
𝐾, − 𝐾5
, 
𝛼j = 𝛼, +
𝐾5
𝐾t




where the superscripts u and l denote the upper and lower bounds, respectively. Ku and Kl 
are calculated using the Hashin and Shtrikman model [202]: 




+ 3𝜙3𝐾5 + 4𝐺5
 




+ 3(1 − 𝜙)3𝐾, + 4𝐺,
 
(13) 
where Gi is the shear modulus of phase i. The values α, K, and G used for each of the two 




Table 3-2. Material parameters used in the CTE calculations. 
 Epoxy matrix Silica filler 
Density (g/cm3) 1.225 2.196 
α (ppm/K) 64.89 0.55 
K (GPa) 2.4 36.7 
G (GPa) 0.9 31.2 
 
The modeled results, along with experimental results, are plotted in Figure 3-18: 
 
Figure 3-18. Modeled and experimentally measured CTE of silica nanocomposites with 
filler loading. 
 
It is seen that the nanocomposites incorporating untreated or GPTS-treated silica fillers 




composites lie between the Reuss and Schapery upper bounds, with the GPTS-silica 
showing a slightly lower CTE. The rule of mixture does not consider interactions between 
the filer and matrix, and gives the highest CTE estimation of the models presented here. 
The result suggests that both pristine silica and GPTS-silica have weak interfacial 
interactions with the epoxy matrix, consistent with the analysis presented earlier. At 30 
wt.%, CTE of both composites are reduced by about 10 ppm/K from that at 20 wt.%, and 
this can be attributed to the effect of reduced interparticle distance and percolation of 
interphase. In an ideal nanocomposite with cubic distribution and ideal dispersion, the 
interparticle distance τ can be calculated using the particle diameter d and volumetric filler 







− 1  (14) 
Using the above equation, it is found that the interparticle distance of ideally dispersed 
nanosilica becomes shorter than particle diameter when filler loading reaches 7 vol.%, 
corresponding to 14 wt.%. Furthermore, when filler loading is higher than 15 vol.%, or 28 
wt.%, the interparticle distance is shorter than the particle radius. At 30 wt.% loading, the 
interparticle distance is just below the particle radius, suggesting that it is on the order of 
the effective length of the particle attraction zone, and the nanocomposite in fact becomes 
a three-dimensional network of silica fillers and their interphase regions. Combined with 
the high surface to volume ratio derived from nanosized filler, the properties of the 
interphase region become significant with increased filler loading. Since both the pristine 




respectively) via the reaction routes presented earlier (Figure 3-12 - Figure 3-16), the filler-
matrix adhesion can limit the thermal motion of polymer chains using the large interphase 
region, resulting in much lower CTE at 30 wt.% silica loading. 
On the other hand, nanocomposites incorporating PDMS-grafted silica exhibit CTE 
lower than the Schapery upper limit even at 10 wt.% loading, and the CTE continues to 
decrease to 41.3 ppm/K at 30 wt.% loading. At 10 and 20 wt.% loadings, the CTE of 
PDMS-silica filled nanocomposites are 52.6 and 47.1 ppm/K, respectively, and both are 
lower than those of corresponding silica- and GPTS-silica filled nanocomposites by 8 to 
10 ppm/K. Grafted PDMS effectively increases the size of the interphase region, and with 
the good adhesion to epoxy by the reactive functional groups, nanocomposite CTE is 
greatly reduced. It should be noted that PDMS is in its rubbery phase at room temperature 
and its CTE is high, and PDMS grafting can lead to increased CTE. Indeed, at 30 wt.%, 
the CTE enhancements of incorporating PDMS-silica, as compared to incorporating silica 
or GPTS-silica, are reduced to 6 and 3 ppm/K, respectively. This can be attributed to 1) 
lower CTE in silica-filled and GPTS-silica filled nanocomposites due to interconnected 
interphase region, and 2) higher equivalent PDMS loading, both become more pronounced 
as filler loading increases.  
3.3.3   Nanocomposites: fracture properties 
The fractured surfaces of the nanocomposites were examined under SEM to study 
the effect of filler surface treatments on crack propagation and fracture behaviors of the 




Figure 3-19. It is observed that large agglomerates of pristine silica nanoparticles are 
present in the epoxy composites. Figure 3-19a shows an agglomerate on the order of several 
micrometer diameter, which is slightly larger than the average agglomerate size obtained 
from DLS (Figure 3-6a). As epoxy resin monomers have higher molar mass and fewer 
polarizable groups per chain than solvent used for DLS studies, it is reasonable that pristine 
silica find fewer polar interactions with its silanol surface groups and that silica 
nanoparticles form larger agglomerates in order to minimize filler-matrix interactions. 
Compared to pristine silica, GPTS-silica and PDMS-silica both are much better dispersed 
in the epoxy matrix due to enhanced surface interactions. The fractography of the 
composite containing pristine silica fillers shows smooth and large fracture planes between 
step structures, which is similar to that observed in neat epoxy (Figure 3-20) and indicates 
brittle fracture behavior with small energy absorption along the crack path to delay the 
crack propagation. When GPTS-silica and PDMS-silica are incorporated into the epoxy 
matrix, the fracture surface becomes significantly rougher, indicating the crack front was 
distorted by the silica inclusions in the propagation. Additionally, the textured surfaces 
show a tear morphology, suggesting plastic deformations occurred in the polymer matrix 
by shear yielding, which absorbed more crack propagation energy. It is also observed that 
the cracks propagated along the filler-matrix interfaces in the pristine silica case, leaving 
well-defined and clean spherical voids behind and showing clean particles with little or no 
resin attached to the surface. Such features can be attributed to weak interfacial interactions 
between the pristine silica surface and epoxy resin. In the case of GPTS-silica and PDMS-




the voids left from particle debonding show a less defined morphology, suggesting a strong 
filler-matrix interphase and that crack propagated in the bulk epoxy matrix instead of the 
interphase. 
 
Figure 3-19. SEM images of fracture surfaces of nanocomposites filled with 30 wt.% of 
(a) pristine silica, (b) GPTS-silica, and (c) PDMS-silica. Higher magnification images of 






Figure 3-20. Fracture surface of neat epoxy observed under SEM. 
 
It is an established method to measure the fracture toughness of polymer 
composites using nanoindentation [203]–[205]. A typical loading-unloading curve is 
shown in Figure 3-21a, where the maximum load (Pmax), maximum depth (hmax), and 
contact stiffness (S) are used in the calculations for toughness. When the sharp 
nanoindenter tip is impressed onto a brittle material, radial cracks can be observed. The 
typical sample surface after nanoindentation test is shown in Figure 3-21b, where the length 
of impression b and the length of radial crack c are marked. The reduced modulus (Er), 
modulus (E), and hardness (H) of nanocomposites are calculated based on the Oliver-Pharr 





















where Ei (1140 GPa) and Poisson’s ratio νi (0.07) are the elastic properties of the diamond 
indenter. The value of Poisson’s ratio ν of the polymer materials is commonly is taken as 




factor Kc can be calculated using the relationship between fracture toughness of radial crack 









Figure 3-21. (a) The typical load-displacement curve in nanoindentation. (b) Schematic 
illustration of radial cracking at an indented site.  
 
 Neat epoxy and nanocomposite samples were polished and indented to quantify 
material toughness. However, although material properties were determined, no crack was 
observed. The impression left by indentation on neat epoxy is shown in Figure 3-22a, and 
those on nanocomposites containing 10 wt.% of silica with different surfaces are shown in 
Figure 3-22b-d. All of the indentation impressions showed clear outlines corresponding to 




microscopy. It is believed that, under applied load, polymer chains yield and plastically 
deform instead of propagating cracks in the material to release the energy. Therefore, a 






Figure 3-22. Indentation impressions (a) on neat epoxy, nanocomposites with (b) untreated 
silica, (c) GPTS-silica, and (d) PDMS-silica. 
 
 The indentation load – displacement curves of 10 wt.% loaded samples are shown 
in Figure 3-23. It is clear that the composite with untreated silica fillers was indented to the 
largest depth under the same applied force of 1 N. The large area under the loading curve 
(A1) indicates plastic work done during indentation, and the sample is taken to be more 
plastic compared to the other samples at the same filler loading [210]. The nanocomposite 
with GPTS-silica shows steeper loading and unloading curves and much smaller plastic 
work, whereas the nanocomposite with PDMS-silica shows an indentation behavior 
between that containing untreated and GPTS-treated silica. The difference in the observed 
indentation results can be explained by the interfacial interactions between silica and epoxy 
matrix. As discussed earlier, the functional groups on the silica surface affect the interfacial 
interactions, which manifest in bulk material properties such as Tg and CTE. Compared to 
the GPTS- and PDMS-grafted silica, the untreated silica has the poorest interactions with 
epoxy and is expected to have free volume at the interface. Therefore, it can be reasoned 
that limited stress can be transferred from the epoxy matrix to silica fillers. Instead, the 
stress is released by plastic deformation in epoxy matrix. The poor filler dispersion of 
untreated silica further reduces stress-transfer capability because aggregation reduces the 
effective surface area of silica in contact with epoxy. 
 Compared to the nanocomposite incorporating untreated silica, those with GPTS-




GPTS-silica has a more interacting surface with the epoxy resin indicated by the higher Tg 
of the nanocomposites. The favorably-interacting interface and covalent bonding across 
the interface lead to improved stress transfer across the filler-matrix interface. The 
improved stress transfer efficiency would require a larger force to deform the 
nanocomposite to the same degree as in the untreated silica case where the stress transfer 
efficiency is lower. The PDMS-silica case shows an indentation character between the 
untreated and GPTS-silica cases. It has been demonstrated that the interface between 
PDMS-silica and epoxy is well-interacting, and the increased plasticity behavior can be 
attributed to the stress-absorbing property of the rubbery PDMS. In this case, stress is 
released via the plastic deformation of the PDMS interlayer before it is transferred to the 
silica. 
 
Figure 3-23. Indentation load – displacement curves of 10 wt.%-filled nanocomposite 





From the nanoindentation test, the plasticity index ψ can be obtained to characterize 
the elastic-plastic response of the nanocomposites under external stress and strain. The 
plasticity index can be calculated from the area under the loading curve, A1, and the area 





The area under the loading curve is the work done during the indentation, and the area 
under the unloading curve is the energy released during unloading. The difference between 
A1 and A2 is the irreversible work done during the test. ψ = 0 indicates a fully elastic 
material, and ψ = 1 indicates a fully plastic material. For viscoelastic polymers, it is 
expected that 0 < ψ < 1 [211]. 
 The plasticity indices of neat epoxy and silica – epoxy nanocomposites were 
calculated from the indentation load – displacement curves and are summarized in Table 
3-3 and Figure 3-24. The plasticity index for neat epoxy is 0.652 ± 0.002, and is the highest 
among the characterized materials because it contains no filler and the applied load mainly 
results in deformation of polymer chains. At each of the 10, 20, and 30 wt.% filler loadings, 
the plasticity index decreases in the order of untreated silica, PDMS-silica, and GPTS-
silica. This trend agrees with the trend of indentation curves observed in Figure 3-23. The 
plasticity index decreases with increasing filler loading, and the interfacial interactions 






Figure 3-24. Plasticity indices of neat epoxy and nanocomposites containing silica of 
difference surfaces. 
 
Table 3-3. Plasticity indices of neat epoxy, and nanocomposites with 10-30 wt.% of 
untreated silica, GPTS-silica, and PDMS-silica. 
Loading Untreated silica GPTS-silica PDMS-silica 
0 0.652 ± 0.002 0.652 ± 0.002 0.652 ± 0.002 
10 0.612 ± 0.003 0.413 ± 0.005 0.489 ± 0.008 
20 0.557 ± 0.026 0.401 ± 0.012 0.458 ± 0.002 





3.4   Conclusion 
In this work, we use a two-layer method to modify silica surfaces by chemical 
grafting of GPTS molecules and PDMS chains. Compared to pristine, untreated silica 
fillers, the surface modified nanoparticles exhibit improved particle dispersion properties. 
Because of kinetics of curing and stronger chemical interactions in the filler – matrix 
interphase region, epoxy-based composites incorporating modified silica fillers show 
higher Tg, higher modulus, and lower CTE. The effect of interphase properties becomes 
more pronounced with increasing filer loading due to the larger interphase volume and 
their percolation. Fractography also shows improved silica – epoxy bonding, and 
nanoindentation experiments indicate enhanced stress transfer across the filler – matrix 
interface in modified silica systems. Compared to GPTS – silica system, PDMS – silica 







CHAPTER 4.   SELF-PATTERNING OF UNDERFILL BY 
TAILORED HYDROPHILIC-SUPERHYDROPHOBIC 
SURFACES 
4.1   Introduction 
Manipulation of liquid on surfaces has applications in many areas, such as 
bioadhesion control [122], microfluidics [212], water collection [125], and nanomaterial 
positioning [213]. Recent reports have shown successful liquid manipulation using 
wettability difference between hydrophilic and hydrophobic surface patterns [128], [131], 
[135], [214], [215]. By preventing the fluid from wetting on the hydrophobic surface and 
allowing the liquid to wet only on the hydrophilic surface, water can be manipulated in 
microfluidic channels [137], [139], or split into microdroplets [131], and suspensions of 
fluorescein molecules and quantum dots can be self-assembled during flow in wetting-
controlled surface patterns [128]. Manipulation of high-viscosity or particle-filled fluids 
such as polymer resins or composites is of great interest to developments in biomedical, 
electronic, and energy technologies, but demonstrations of polymer fluids or composite 
manipulation have not been reported.  
One potential application of polymer fluid manipulation is the flow control of 
polymer composite underfill material in IC packages. Underfill is placed under the IC chip 
to fill the gap between the silicon chip and substrate or between stacked IC chips, and is a 




mechanical stress of IC interconnections, providing rigidity, and dissipating heat generated 
from high-power chips [51], [174], [216]. With the microelectronic trend of packaging 
miniaturization, current packaging technologies are rapidly progressing towards low 
profile 3D IC stacking technologies, where memory, logic, microelectromechanical 
systems (MEMS), and radio frequency (RF) chips can be stacked on top of each other for 
module miniaturization, higher performance and lower cost [217]. In such an IC stack, 
underfill is used to fill the gaps between stacked IC chips to ensure their reliability, but the 
fine pitch and low chip-to-chip heights lead to new challenges in the underfilling process 
and materials (Figure 4-1) [218], [219]. 
 
Figure 4-1. Schematic of 3D IC structure. Three device ships are stacked on top of and 
connected to the interposer by microbumps and through-Si-vias (TSVs). All bumps are 
encapsulated with underfill for package reliability. Front and back metal layers, and 





Two types of underfilling technologies are generally available‒ post- and pre-
applied processes. In the former, the capillary force draws a liquid underfill into the gap 
between a chip and a substrate. This process becomes challenging in reduced gap size and 
high density IC assemblies [220], [221].  In the latter, the liquid underfill is dispensed onto 
the substrate and then the chip is placed on the substrate and soldered to the bond pads via 
subsequent reflow process. The pre-applied underfilling process suits the high density and 
low profile assembly better, but  faces the issue of filler trapping at the bond pads [222], 
impacting interconnection formation and signal transmittance between the chip and the 
outside (Figure 4-2a). In order to address this filler-trapping problem, attempts to 
modifying the underfill formulations or IC chip assembly process have been made. 
However, limited success from those approaches were reported. Employing nanosized 
filler particles in underfills reduces filler trapping, but the viscosity increases significantly 
[223], [224]. A double-layer underfilling process uses a high-viscosity and filler-free 
bottom layer to prevent the filled upper underfill layer from filler entrapment [222]. A two-
step process slices through the underfill-covered solder posts before chip assembly [225]. 
However, the double layer and the two-step process are cumbersome and add to 
manufacturing cost. Up to now, filler entrapment remains an unsolved issue in pre-applied 
underfilling process. 
Here we demonstrate, for the first time, a self-patterning underfilling technology to 
eliminate filler trapping by guiding the flow of underfill around bonding pads (Figure 
4-2b). By making the bonding pads superhydrophobic and the passivation of the substrate 




entrapment issue. This technology is facile and applicable to various commercially 
available underfill materials. However, compared with previous reports on fluid 
manipulation by wetting-controlled patterns, there are two additional challenges. 1) 
Previous reports have been limited to low viscosity fluids (< 0.01 Pa·s), whereas underfills 
have a significantly higher viscosity owing to high loadings of inorganic fillers. Thus, self-
patterning of underfills would require a much higher driving force, namely a higher surface 
energy contrast between patterned substrate surface. 2) In applications in 3D 
microelectronic packaging, electrical continuity across the bonded Cu interconnects and 
process compatibility with existing fabrication methods should also be considered. In the 
current demonstration, we use a symmetric Si-Si structure similar to that in stacked IC 
packages, where the Si surface is passivated with Si3N4, and the top and bottom ICs are 
interconnected via soldered Cu bonding pads. We carefully fabricate superhydrophobic 
(SH) Cu bond pads and hydrophilic Si3N4 passivation surfaces that can achieve a large 
water contact angle difference of 119.9° (or epoxy/underfill contact angle difference of 
91.6°) between the two substrates. Moreover, this surface modification is shown to be 





Figure 4-2. (a) Schematic illustration of conventional pre-applied underfilling process, 
where silica fillers are easily trapped between bond pads (insert), thus impacting the 




underfilling process, where the silica-filled underfill dewets from the bond pads and cover 
only the passivation surface. 
4.2   Methods 
4.2.1   Materials 
Deionized (DI) water was produced from a Barnstead Smart 2 Pure Water 
Purification system (Thermo Scientific). Ammonium hydroxide solution (28%, Alpha 
Aesar), ethanol (Sigma Aldrich), formic acid (88%, BDH), 1H,1H,2H,2H-
perfluorooctyltrichlorosilane (97%, Sigma Aldrich), hexanes (BDH), and acetone (BDH) 
were used as received. 
For underfill formulation, the epoxy resin was a mixture of diglycidyl ether of 
bispenol A (Shell Chemicals) and 3,4-epoxy cyclohexylmethyl-3,4-epoxy cyclohexyl 
carboxylate (Synasia). Hexahydro-4-methyl phthalic anhydride (Lindau Chemicals) and 1-
cyanoethyl-2-ethyl-4-methylimidazole were used as curing agent and catalyst, 
respectively. Silica nanoparticles (100 nm, Nippon Shokubai) and microparticles (1 µm, 
Alpha Aesar), and γ-glycidoxypropyltrimethoxysilane were used as received.  
4.2.2   Simulation model 
A 3D fluid dynamics model of a three-region, 50 µm Si3N4 − 100 µm Cu − 50 µm 
Si3N4 surface was constructed using OpenFoam Extended 1.6. The width of the surface 
was 100 µm and the thickness was 1.5 µm. The dimensions of the three-region surface 




underfill deposited per unit area in the experiments, a layer of fluid of 10µm thickness, 
180µm length, and 100 µm width is placed on the surface as the initial condition. 
Gravitational force is applied on the system. For simulation of water flow, the density 
(1.000 g/cm3), surface tension (72.8 mN/m), and viscosity (0.0009 Pa·s) of water is used. 
For simulation of underfill flow, experimentally obtained values of underfill density (1.342 
g/cm3), surface tension (46.13 mN/m), and viscosity (1.5 Pa·s) at the underfill dispense 
condition were used in the simulation. The water and underfill contact angles on the copper 
surface were varied from 10˚ to 140˚ at 10˚ increments. 
4.2.3   Test vehicle fabrication and copper surface treatment 
Test vehicles with circular Cu bonds pads of 100 µm diameter, 150 µm pitch and 
15 µm height were prepared by electroless and electrolytic plating of Cu using 
commercially available plating baths. The substrate was CVD grown Si3N4 on Si wafer. 
In a typical fabrication process, the hydrophilic surface of Si3N4 can be obtained by 
UV-ozone treatment (Novascan UV Ozone Cleaner), and was protected from the 
superhydrophobic treatment by a standard photolithography process using Microposit 
SC1827 and Microposit MF319 as photoresist and developer, respectively (Figure 4-3). 
After the Si3N4 protection layer was prepared, the test vehicle was immersed into a 0.03 M 
ammonia solution for 48 hours to create the surface roughness from Cu(OH)2, and then 
rinsed with DI water and dried. The test vehicle was then immersed into a 3 mM solution 




subsequent baking at 100°C for one hour. The photoresist protection layer was removed 
with acetone rinse. 
 
Figure 4-3. Schematic illustration of the superhydrophobic Cu fabrication process. 
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4.2.4   Underfill formulation and deposition 
Silica particles were treated with γ-glycidoxypropyltrimethoxysilane to improve 
the dispersion of the silica in the underfill. In a typical process, 10 g of silica was dispersed 
in a water-ethanol mixture by stirring and sonication. Formic acid was added to adjust the 
pH to 4, and 0.5 g of the silane was added to the reaction mixture. The reaction was refluxed 
at 100°C for 1 day. The bimodal filler system was mixed at a 25%-75% ratio for the nano- 
and microparticles, respectively. The surface-modified silica was mixed with epoxy resin 
by stirring and sonication. Residual solvent from the silica surface treatment was removed 
by vacuum at elevated temperatures. The curing agent and catalyst were added 
subsequently and mixed by stirring. 
The formulated underfill was deposited on heated test vehicles by spin-coating. A 
two-step program was used, with step 1) 500 rpm for 10 s, and 2) 3500 rpm for 1 m. The 
underfill was cured at 150°C for 1 h. 
4.2.5   Solder bonding and reflow 
For solder bonding tests, eutectic SnAg solder balls (Indium Corp.) were placed on 
the superhydrophobic Cu bond pads. No-clean flux (NR200, Alpha) was added on the Cu 
pad and the test assembly was heated on a hot plate to 260°C to allow the solder to melt 
and form metallic bonding with the Cu pad. For solder paste test, flux-containing, eutectic 
SnAg paste (Indium Corp.) was placed on the superhydrtophobic Cu bond pad and heated 
to 260°C on a hot plate. For H2 flux condition, solder balls were secured on the 




was placed in a tube furnace. H2 gas was allowed to flow for 30 min before heating the 
furnace to 260°C. The bonded samples were mounted in acrylic, cross-sectioned, polished 
to smooth surfaces, and finally etched (3 s in a mixture of 2 parts HCl, 5 parts HNO3, and 
93 parts isopropanol) [226] to reveal the intermetallic interface. For XPS characterizations, 
superhydrophobic Cu bond pads were subjected to the same chemical and temperature 
conditions, but no solder material was placed on the bond pads. 
Reflow test of the superhydrophobic Cu was performed using a reflow oven 
(Omniflo 5-zone reflow oven) under nitrogen environment. The reflow profile was tested 
with a remote temperature sensor (Figure 4-4). 
 
Figure 4-4. Temperature profile of the reflow process. 
 




X-ray diffraction (XRD) analyses of the surface-treated Cu pads were performed 
on a Panalytical Empyrean diffactometer using Cu Kα radiation (45 kV and 40 mA). A 
contact angle measurement system equipped with a Rame-Hart goniometer and a built-in 
CCD camera was used to evaluate the contact angles of test vehicle surfaces. The 
goniometer was also used to determine the surface tensions of underfills by a pendant drop 
method [227], [228]. Scanning electron microscopy (SEM) images and the corresponding 
energy dispersive x-ray spectroscopy (EDS) were obtained using a Hitachi SU8010 FE-
SEM and a Zeiss Ultra60 FE-SEM using an acceleration voltage of 5-10 kV. X-ray 
photoelectron spectroscopy (XPS) was used to analyze the chemical states on the sample 
surfaces using a Thermo K-Alpha XPS. Kinetic curing analysis of underfill was performed 
on a differential scanning calorimeter (DSC Q2000, TA Instruments), at a ramping rate of 
10°C/min.  
4.3   Results and discussion 
4.3.1   Simulation of fluid flow on patterned surfaces 
The driving force for the epoxy to dewet from Cu and flow onto Si3N4 can be 
derived from the Wilhelmy balance method as [229]:  
 𝐹 = 𝛾j𝑝 cos 𝜃% − 𝜃& − 𝑓5u2.32/r − 𝑓21./123 > 0 (20) 
Where γlv is the liquid surface tension, p is the contact line parameter, and θ1 and θ2 are 
fluid contact angles on Si3N4 and Cu, respectively. Computational fluid dynamics 




to dewet water or underfill. The flow result of a layer of water or underfill was simulated 
on a Si3N4 – Cu – Si3N4 surface using the surface tension and viscosity values measured at 
the dispense condition. Simulation results show that, to achieve self-patterning, the 
minimum water contact angle on Cu was 90˚, which is close to computational and 
experimental results reported by Zhao et al. [230]. For silica-filled underfill, the minimum 
contact angle on Cu was 110˚, indicating that a larger driving force is needed for viscous 
fluid flow (Figure 4-5). Since the measured water and underfill contact angles on Cu are 
both higher than the calculated minimum value, it is possible to achieve self-patterning by 





Figure 4-5. (a) Model setup for the numerical simulation. Simulation results show the 
volume fraction of water on the surface after it was allowed to flow on the surface when 




spatial volume fraction of underfill on the surface is shown when the underfill contact angle 
on copper is (g) 80˚, (h) 90˚, (i) 100˚, (j) 110˚, and (k) 120˚. 
 
4.3.2   Superhydrophobic copper surface 
The hydrophilic surface of Si3N4 was obtained by UV-ozone treatment. A 
photoresist layer (Microposit SC1827) was subsequently coated on the Si3N4 surface to 
protect it during the SH treatment of Cu pads. Finally, the photoresist was removed after 
the whole treatment (Figure 4-3). The critical step is the SH treatment of Cu pads. The state 
of superhydrophobicity is defined as having water contact angle greater than 150º and 
hysteresis smaller than 10º [231]. Established methods to obtain SH surfaces generally 
include two parts— surface roughening and surface energy reduction. It has been reported 
that surface roughening of Cu substrates can be achieved by oxidation in aqueous solution 
of sodium hydroxide and ammonium persulfate [232], [233] or sodium hydroxide and 
potassium persulfate [123], producing Cu(OH)2 microwires and microflowers. Although 
high water contact angles were demonstrated, the fabrication method is incompatible with 
Cu bonding pad fabrication, because the oxidation solution mixture can easily lift off the 
photoresist used as the Si3N4 protection, exposing the Si3N4 passivation surface and damage 
the surface energy contrast between Si3N4and Cu. Alternatively, spray-coating of 
fluorinated Cu particles has also been reported as a means to produce robust SH Cu surfaces 
[234]. Although the spray-coating method circumvents the concern of lifting-off the 
photoresist, the synthesized Cu particles are tens of microns in size, which is on the same 




not be able to create surface roughness required to achieve SH Cu bonding pads. Here we 
use a mild surface oxidation method via ammonia treatment that does not affect the 
photoresist used for Si3N4 protection, but also creates nano- to micro-sized surface 
Cu(OH)2 features that can be effective in obtaining SH Cu surfaces on Cu bonding pads. 
To obtain a low surface energy, the roughened surface is subsequently treated with a highly 
fluorinated SH molecule 1H,1H,2H,2H-perfluorooctyltrichlorosilane (PFCS). 
The morphology of the ammonia-treated Cu bond pads was characterized using 
SEM (Figure 4-6a). Surface roughness measurements show that the root mean square 
height (Sq) increased from 0.108 µm before the roughening procedure to 1.713 µm after 48 
hours of treatment. The XRD pattern indicates that the surface species include Cu(OH)2 
and CuO, and the Cu substrate is also shown on the diffraction pattern due to the depth of 
x-ray penetration into the sample (Figure 4-6d). The Cu 2p3/2 XPS spectrum obtained from 
the roughened surface shows that the charge of surface Cu is bivalent, and confirms that 
the surface species is primarily consisted of the Cu(OH)2 (934.8 eV). A small amount of 
CuO signal at 933.5 eV from the underlying surface is also detected due to surface 
oxidation (Figure 4-6e) [235], [236]. The formation of Cu(OH)2 on Cu pads also lead to 
increased electrical resistance from 0.9 ± 0.4 Ω of Cu pad to 200-300 Ω of Cu(OH)2-Cu 
pads. It is found that the treatment with PFCS does not alter the morphology or crystalline 
structure of Cu(OH)2 (Figure 4-6b, d). In the C 1s XPS spectrum, the peak at 284.7 eV is 
assigned to the methyl group on the PFCS molecule. The CF2 and CF3 peaks are observed 




which is close to the expected value of 5, indicating the successful grafting of PFCS to the 
Cu pad surface (Figure 4-6f) [237], [238]. 
 
Figure 4-6. SEM images of (a) roughened Cu surfaces after the 48-hr roughening by 
ammonia solution, (b) SH Cu surface after the PFCS treatment, and (c) SH Cu after the 
thermal reflow process. (d) XRD patterns of Cu bond pads before treatment (black), after 
the roughening (red), after roughening and SH treatment (green), and after the typical 
thermal reflow process (blue). Cu(OH)2 and CuO formed after the roughening treatment 
and remained after SH treatment and thermal treatment of solder reflow profile. (e) High 
resolution Cu 2p3/2 XPS spectrum of Cu bond pads after roughening treatment shows both 
Cu(OH)2 and CuO. (f) High-resolution C 1s XPS spectrum of Cu bond pads after SH 
treatment indicates the successful grafting of PFCS on the Cu surface. The CO and COOR 
peaks are due to atmospheric exposure [237]. 
 
Surface wettability of roughened Cu, SH Cu, and Si3N4 was examined with droplets 




study is a silica/epoxy based nanocomposite with a filler loading of 20 wt.%. The room-
temperature surface tension of water, epoxy, and underfill are 72 mN/m, 42-46 mN/m, and 
43-45 mN/m, and the room-temperature viscosities are 8.90 × 10−4 Pa·s, 1.8 Pa·s, and 4.5 
Pa·s, respectively. The water contact angle on roughened Cu increased from 18.8° to 
165.5° after the Cu surface was treated with PFCS. On the same Cu surfaces, the epoxy 
and underfill contact angle increased from 13.7° to 114.3°. The Si3N4 surface exhibits water 
contact angle of 45.6˚, and the epoxy and underfill contact angle of 22.7°. The differences 
in contact angles on SH-Cu and Si3N4 of water and epoxy/underfill are 119.9° and 91.6°, 
respectively. These differences can be attributed to the differences in surface energies, 
which becomes the driving force in the self-patterning and dewetting process of epoxy-
based underfills. Moreover, a series of both commercial and in-house prepared underfills 
show similar surface tension values, rendering a wide applicability of the current method 
to various underfills on the market (Table 4-2). 
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Table 4-2. Surface tension values of commercial and in-house prepared underfill materials.  
Formulations of commercial underfills are unknown. In-house prepared underfills were 
formulated with cycloaliphatic and bisphenol-A type epoxies and anhydride-based 
hardener. Underfill A contains added coupling agent and silica fillers, and underfill B 
contains alumina fillers. 
Underfill Test temperature (°C) Surface tension (mN/m) Reference 
Epoxy resin 25 46.16 This work 
A 25 43.59 This work 
B 25 44.61 This work 
Hitachi CEL-C-3720 25 44.62 This work 
C 80 35.4 [239] 
D 80 49.4 [239] 
E 26 40.7 [240] 
F 31 36.4 [240] 
G 30 36.4 [240] 
H 25 37.3 [240] 
I 21 38.3 [240] 
J 30 40.3 [241] 
K 25 39.1 [242] 
L 25 39.3 [242] 
M 25 39.1 [242] 




Table 4-2 continued. 
O 25 35.7 [242] 
P 25 37.8 [242] 
Q 25 38.5 [242] 
R 23 51 [243] 
S 23 44 [243] 
 
4.3.3   Self-patterning demonstration 
The results of the simulations were confirmed with experimental demonstrations of 
self-patterned underfill on test vehicles consisted of circular 100µm-diameter Cu pads on 
Si3N4-passivated Si wafer. Due to the small Reynolds number (<< 1) of epoxy underfills 
[244], they were spin-coated onto the TVs at elevated temperatures. The underfill materials 
used in this study is a silica/epoxy based nanocomposite with minimum viscosity in the 
range of 0.1 – 1.5 Pa·s at the dispense temperature. The effect of SH surface treatment on 
reducing filler entrapment on the Cu bond pads is shown in Figure 4-7. Large amounts of 
silica fillers were trapped on top of the untreated, as-plated Cu bond pads (Figure 4-7a), 
whereas the SH-treated Cu bond pad was fully exposed without silica fillers under the same 
underfilling conditions (Figure 4-7b). Furthermore, underfill self-patterning was 
successfully demonstrated over a large area. As shown in Figure 4-7c, the silica-containing 
underfill only wetted the Si3N4 passivation surfaces surrounding the circular Cu bond pads. 




region of the Cu pad had some trapped fillers, that region was minimal on a bond pad of 
100 µm diameter and does not interfere with the bonding of Cu pad and solder. Aside from 
the peripheral, the bond pad inside was completely free of silica fillers, and a high-quality 
bonding can be achieved. The EDS analysis further confirmed that the Cu bond pads were 
free of silica fillers; the Si signal, which could be attributed to the silica fillers, was only 
present in the Si3N4 area (Figure 4-7e), and Cu mapping shows exposed Cu pads available 
for interconnect bonding (Figure 4-7f). The experimental demonstration closely matched 
the simulation results, and to the best of our knowledge, this is the first demonstration of 











Figure 4-7. SEM images of (a) an untreated Cu bond pad (aqua outline) after underfilling, 
where silica fillers are easily trapped on the bond pad, and (b) SH Cu bond pad (aqua 
outline) after underfilling, where the bond pad is fully exposed. The same underfilling 
conditions were used. (c) SEM image showing self-patterning of underfill on a large area, 
where the underfill only wets the hydrophilic substrate and dewets from all Cu bond pads. 
(d) High resolution SEM shows that silica filler only gather around the perimeter of the Cu 
bond pad without getting on the surface of the bond pad. (e) Si and (f) Cu EDS maps 
indicate that silica fillers cover the Si3N4 passivation, and Cu pad surfaces are fully exposed 
after underfilling. 
 
 Furthermore, self-patterning of underfill on hydrophobic – hydrophilic surface 
patterns were tested in interconnects. We first used a Cu pillar – Cu bond pad structure. 
The structure would allow us to observe the effect of having both the top and bottom Cu 
surfaces treated SH on reducing filler entrapment. A commercial underfill with 50-65 wt.% 
filler content was used here. Because solder was not used in this case, and with the high 




250˚C thermocompression bonding. When the Cu surfaces were not treated to be SH, a 
thick layer of trapped silica fillers from pre-applied underfill is observed between the Cu 
pillar and the bond pad (Figure 4-8a-b). In the case of SH Cu pillar and SH Cu bond pad, 
the number of trapped fillers is reduced (Figure 4-8c-d). In solder-bonded interconnects, 
where the Cu pillar is solder-capped, similar observations can be made (Figure 4-9). 
Significant filler entrapment is observed in the interconnect with non-treated Cu bond pad, 
whereas the interconnect employing SH Cu bond pad shows reduced filler entrapment and 
metallurgical bonding between Cu pad and eutectic SnAg solder. 
 
Figure 4-8. SEM cross-sectional images of Cu pillar on Cu bonding pad after 
thermocompression bonding for (a) non-treated Cu surfaces (b) at higher magnification, 






Figure 4-9. SEM cross-sectional images of Cu pillar capped with eutectic SnAg solder on 
Cu bonding pad after thermocompression bonding for (a) non-treated Cu bond pad (b) at 
higher magnification, and (c) SH Cu bond pad (d) at higher magnification. 
 
4.3.4   Compatibility with interconnection bonding process 
In addition to showing the feasibility of self-patterning underfill, the compatibility 
of the self-patterning surface treatment with the current interconnection bonding process is 
demonstrated. This includes two aspects: 1) the surface treatment does not affect the 
bonding of solder to SH Cu, and 2) the surface treatment does not affect the underfill 
curing. 
Commercially available, eutectic SnAg solder was used to bond to the surface-
treated SH Cu bond pads. Without an added flux, the SH Cu(OH)2 structures on the surface 




unchanged morphology (Figure 4-6c), XRD pattern (Figure 4-6d) and XPS results (Figure 
4-6d). The enhanced CuO peaks in the XRD pattern are due to the thermal decomposition 
of Cu(OH)2 into CuO at elevated temperature. However, when a conventional flux is 
added, the Cu(OH)2 can be converted to CuO during flux activation stage [245], and 
subsequently reduced to Cu by solder flux for solder bonding. Three commonly used types 
of solder-flux combinations were tested respectively: 1) solder ball with no-clean flux, 2) 
solder pastes with built-in flux, and 3) solder ball and hydrogen gas, which is the major 
component in conventional reductive forming gases. In all three cases, the solders wetted 
the pads to form metallurgical bonding with Cu. In cross-sectional SEM images, the typical 
scallop-like intermetallic compound (Sn6Cu5) is clearly observed at the solder − Cu 
interface (Figure 4-10a-c). Cu 2p3/2 XPS spectra show that the fluxing species reduced the 
surface species to metallic Cu, at 932.62 eV (Figure 4-10e-f) [246]. In addition, the 
resistance across the bonding sites was measured after soldering. It was shown above that 
the surface roughening treatment increases the resistance of Cu pad from 0.9 ± 0.4 Ω to 
200-300 Ω. After fluxing, the electrical resistance of bonded solder-Cu was reduced to 2 ± 
0.9 Ω, indicating that with the flux, the SH treatment of Cu pads for underfill patterning 





Figure 4-10. SEM image of the SnAg solder and Cu pad interface after reflow, and the 
formation of the intermetallic compound shows good metallurgical bonding under (a) 
solder ball with no-clean flux, (b) solder paste with built-in flux, and (c) solder ball with 
hydrogen gas environment. The soldering material was preferentially etched by an acid-
isopropanol solution to better show the intermetallic compounds in the image. High 
resolution Cu 2p3/2 XPS spectra of SH Cu after (d) thermal reflow process without chemical 
fluxing agents, (e) reflow with no-clean flux, and (f) reflow under hydrogen gas. (g) Curing 
behaviors of underfill measured by dynamic DSC method. The shoulder at 168°C is due to 
the reactivity difference between two epoxy base resins. 
 
The effect of the SH chemical modifications on the underfill material was studied 
with differential scanning calorimetry (DSC) (Figure 4-10g). Up to ~1 wt.% of PFCS was 
added to epoxy-based underfills to simulate the diffusion of the molecules into the underfill 
in bonded packages, and the DSC results showed negligible changes in the curing behavior. 
For samples consisting 0% to 1% PFCS, the heats of curing lie within 330 J/g to 340 J/g, 
and the curing reactions all peaked at around 148.5°C.  Because the 0.97 wt.% addition of 




it can be reasoned that the diffusion of the SH molecules into the underfill in packages 
would have negligible effects on the curing behavior of the underfill. 
4.4   Conclusion  
In this work, we report a novel underfilling method to eliminate filler entrapment 
of pre-applied underfill in low profile and fine pitch IC packaging. In this method, underfill 
self-patterning was achieved by fabricating superhydrophobic Cu bond pads and 
hydrophilic passivation layer. It is shown that such surface modifications do not interfere 
the interconnection bonding and the curing behavior of underfills. Compared to 
conventional underfilling processes, this technology can reduce filler trapping at the bond 






CHAPTER 5.   FUTURE WORK 
Based on the studies presented in this thesis, the following is recommended for 
future study: 
1.   Investigation of degradation of LED encapsulant under lighted condition. The study 
of encapsulant reliability presented in this thesis suggested minimal material 
degradation under high-humidity thermocycling conditions. The test was 
performed using encapsulant coatings instead of LED packages. Testing with actual 
LED packages will allow us to study the environmental effects on encapsulant 
discoloration, adhesion strength and delamination, and light output over time. 
2.   Investigation of mixing rubberized filler and silane-treated filler for underfill with 
low-CTE and enhanced stress absorbing capability. As discussed in Chapter 3, the 
CTE reduction in underfills with PDMS-silica slows down when filler loading 
approaches 30 wt.% due to the increased volume fraction of the rubbery phase. The 
addition of silane-treated filler is expected to further reduce the underfill CTE. This 
study can also give insight on the interactions between fillers of reactive surfaces 
and their effects on composite properties. 
3.   Investigation of superoleophobic Cu surface for elimination of filler entrapment in 
fine pitch packages. In Chapter 4, reduction of filler entrapment was demonstrated 
with superhydrophobic Cu bond pads. However, filler entrapment was not entirely 
eliminated, suggesting that the driving force for self-patterning was not enough. In 




reliability issues. Further reduction in the surface energy of Cu bond pad can render 
it superoleophobic and increase the driving force for self-patterning of underfill. 
4.   Modification of epoxy resin with cyanate ester for high-temperature operation. 
More details and preliminary results are presented in the following section. 
5.1   Modification of epoxy resin with cyanate ester for high-temperature operation  
5.1.1   Background 
The temperature under the hood in automotive can reach 175-250˚C, and high-
power modules can lead to localized hot spot over 250˚C [247]. As the result, the electronic 
industry has seen an increasing demand for organic packaging materials that meet the 
property requirements for long cycling operations in such high-temperature environments. 
Epoxy-based molding compound (EMC) has usually been the outermost encapsulation in 
electronic packages to protect the electronic system from short circuiting, dust, and 
moisture over a few decades. EMCs generally consist of ~90% silica filler, ~10% polymer 
resin, and additives including toughening agent, mold releasing agent, flame retardant, 
adhesion promoter, and coloring agent.For automotive electronics, the molding material 
should offer high-temperature stability, high reliability beyond Automotive Electronics 
Council grade 0 thermal cycling conditions (-40˚C to 150˚C), high toughness, good 
adhesion to neighboring surfaces, high electrical resistivity, low processing viscosity, fast-
cure behavior, and flame retardancy. 
Currently, EMCs generally fail under high-temperature storage tests beyond 175˚C. 




under high-temperature in automotive electronics, and more advanced material is needed 
to meet the above-mentioned material requirements. In a high-temperature aging 
environment, chain scission occurs in polymers, producing oxygen radicals that 
subsequently lead to chain bridging, and finally the moduli of the molding compound 
increase. Additional failure modes induced by high-temperature environment include 
delamination, dimensional instability, moisture absorption, cracking, mass loss, loss of 
toughness, and creep, which refers to thermal-induced polymer chain reorientation. 
Traditional strategies to improve the thermal stability of EMCs include enhancing 
crosslinking and interlocking of polymer chains, and increasing aromaticity in the polymer 
structure. EMC composites containing multi-aromatic epoxy resins and curing agents show 
increased Tg. However, it is still challenging for epoxy-based molding compounds to 
survive above 200˚C for more than 1,000 hours. 
One measure of the heat resistance ability of a resin is its glass transition 
temperature (Tg), which is determined by the network structure as well as the crosslinking 
density of the thermosetting polymer resin [248]. High Tg is beneficial in terms of thermal-
mechanical stress and operation temperature range. During thermal cycling and thermal 
shock, the mechanical stress experienced by the package is a product of modulus, CTE, 
and temperature change. The CTE above Tg (α2) is much larger than that below Tg (α1), 
resulting in a much larger thermal stress with the same temperature and modulus changes. 
Also, Tg shows the temperature at which polymer chains begin to slide past each other and 




the material property changes associated with Tg often lead to compromised package 
reliability, and it is preferred to keep the operation temperature below Tg. 
Conventional epoxy molding compounds have Tg around 150-180°C, which has 
been reported to be insufficient for high-temperature operation of under-the-hood 
electronics. While efforts have been made to improve the performance of epoxy resin in 
various aspects including its toughness, thermal conductivity and flame-retardant property 
[249]–[251], high-temperature reliable epoxy resin still remains a challenge to make.  
Cyanate ester resin is known of its good heat resistance ability due to the formation 
of s-triazine rings during the curing procedure [252], [253]. For example, polymers of 
bisphenol E cyanate ester is reported to have Tg above 250°C [254], whereas conventional 
EMCs have Tg around 150-180°C. Compared with other high-temperature stable polymers 
such as polyimide and bismaleimide, cyanate ester has several advantages such as stronger 
adhesion, lower moisture uptake, and better processability. Compared to epoxy resin, 
cyanate ester resins also offer many advantages, especially under high temperature 
conditions (Table 5-1): better adhesion, lower moisture absorption, better resistance against 
thermo-oxidative degradation, mechanical properties, and less outgassing. In addition, the 
addition curing reaction of cyanate ester produces no volatile during cure, and cyanate ester 





Table 5-1. Comparison of epoxy, cyanate ester, and combined resins for properties 
important to molding compounds. Color symbols: green = good, yellow = fair, red = poor. 
 
We propose to use cyanate ester-epoxy co-polymer network, in which the triazine 
cores in epoxy resin synthesized from cyanate ester play a critical role in increasing Tg and 
enhancing the thermal stability of the molding compound. The triazine group is produced 
in the trimerization reaction of cyanate ester monomers (Figure 5-1), and cyanate ester can 





Figure 5-1. Trimerization of bisphenol A cyanate ester monomers to yield s-triazine core. 
 
 
Figure 5-2. Reaction of cyanate ester functional group with epoxide to form cyanate ester-
epoxy copolymer via oxazoline bonding. 
 
5.1.2   Cyanate ester resins 
Cyanate ester resin was selected as the high-temperature stable polymeric additive 
to epoxy. Due to the in-situ formation of triazine moieties during the thermal curing 
process, cyanate ester resins have good thermal stability and commonly have Tg of 250-
300˚C. Neat cyanate ester monomers of bisphenol A and bisphenol E structure were cured 
and their Tg were measured using DSC. The DSC Tg of bisphenol A cyanate ester at 289˚C 
is 45˚C higher than that of the bisphenol E counterpart (244˚C) (Figure 5-3). The higher Tg 
of bisphenol A cyanate ester is expected due to additional steric hindrance from the 
additional methyl group on the carbon bridge as compared to bisphenol E cyanate ester. It 
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Figure 5-3. DSC scans showing the Tg of cured neat cyanate ester resins. 
 
5.1.3   Epoxy-cyanate ester copolymer 
Preliminary work demonstrates that cyanate ester-epoxy copolymer resin shows 
enhanced glass transition temperatures. The copolymer of cyanate ester and epoxy resins 
show the same Tg trend as discussed above. Dynamic mechanical analysis (DMA) 
characterization shows the copolymer with bisphenol A cyanate ester is ~ 25˚C higher in 





Figure 5-4. DMA curves of copolymers with bisphenol A and bisphenol E type cyanate 
esters. 
 
In Fourier-transform infrared (FTIR) spectra (Figure 5-5a), the uncured sample 
shows a characteristic cyanate C≡N peak at 2237 and 2272 cm-1, and an epoxide peak at 
903 cm-1. The spectrum of the cured sample shows diminished cyanate and epoxide peaks, 
suggesting reacted resin. Furthermore, the spectrum shows new peaks corresponding to the 
formation of triazine ring (1560 cm-1), isocyanurate (1457 cm-1), and cyanurate -O- (1367 
cm-1). We observed from the preliminary results that with increased amount of cyanate 
ester, and thus increased amount of aromatic triazine rings in the crosslinked polymer 
structure, the Tg of polymer resin increases (Figure 5-5b).  
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Figure 5-5. (a) FTIR of uncured (black) and cured (red) epoxy-cyanate ester blended resin. 
(b) Tg of cured polymer resins with increasing molar amount of cyanate ester (CE) in epoxy 
resin. 
 
5.1.4   Thermal stability 
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 Cyanate ester-epoxy copolymers were subjected to high-temperature environments 
using thermogravimetric analyzer (TGA). As shown in Figure 5-6a, degradation and rapid 
mass loss temperature is shifted to higher temperature with increased cyanate ester content. 
The decomposition temperature, defined as the temperature where 10% of mass loss is 
observed, increase by ~50˚C from the pure epoxy sample (352˚C) to pure cyanate ester 
sample (409˚C). In high-temperature storage test at 250˚C under nitrogen atmosphere, the 
cyanate ester-epoxy copolymer shows improved thermal stability compared to neat epoxy. 
During 5 hours of testing, neat biphenyl epoxy lost 6.59% weight, whereas the copolymer 
lost only 1.88%, which is roughly 3.5 times of the loss observed in epoxy. Additionally, 
polyimide is subjected to the same test environment as a high-temperature stable reference 
material, and the result suggest that the copolymer show thermal stability comparable to 







Figure 5-6. (a) Dynamic TGA scans of resins containing 0-100% cyanate ester from room 
temperature to 600˚C under nitrogen. (b) Isothermal TGA scans of cured polyimide, 
biphenyl epoxy, and cyanate ester-epoxy copolymer at 250˚C. 
 
5.1.5   Summary and future work 
The increasingly demanding need of automotive electronics poses stringent 
stability requirements for epoxy-based encapsulating compounds. We propose to modify 
epoxy resin by copolymerization with cyanate ester to improve the thermal stability of 
molding compounds because cyanate ester monomers trimerize to produce high-


















































temperature stable triazine groups in the network structure. It was shown that neat cyanate 
ester resin exhibit higher Tg than neat epoxy resin, which is expected due to the formation 
of triazines. Enhanced Tg and improved resin thermal stability is successfully demonstrated 
in the cyanate ester-epoxy copolymers. Initial thermal stability tests suggest the 
copolymers exhibit improved thermal stability in terms of higher thermal degradation 
temperature and lower mass loss under high-temperature storage conditions. Additional 
work is recommended to better understand the polymer structure in the copolymers and to 
study their high-temperature performance for electronic packages: 
1.   Determine the efficiency of triazine formation compared to the competing 
reaction between epoxide and cyanate ester to form oxazoline. The exact 
loading of triazine in the polymer network is important in predicting the thermal 
stability. 
2.   Adhesion of cyanate ester-epoxy copolymers to Si should be characterized. 
High-temperature effects on the adhesion performance is critical for the proper 
functioning of encapsulants. If delamination occurs, the encapsulant loses its 
ability to mechanically couple different parts of the package. Changes in 
adhesion strength can also be correlated with failure modes including 
dimensional stability and moisture absorption. 
3.   Moisture absorption of molding material should be studied and reduced with 




temperature approaches and goes above 100˚C, leading to failures such as 
popcorn cracking and delamination. 
4.   Long-term thermal aging test to determine the activation energy of thermal 
oxidation of epoxy and copolymer resins. Mass loss, density change, bending 
strength, are examples of material properties that change exponentially with 
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